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ABSTRACT 
NASCENT DNA PROTEOMICS ANALYSIS UNCOVERS DNA REPLICATION 
DYNAMICS IN THE HUMAN PATHOGEN TRYPANOSOMA BRUCEI 
FEBRUARY 2019 
MARIA C. ROCHA GRANADOS, M.Sc., UNIVERSIDAD DE LOS ANDES 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Director: Professor Michele M. Klingbeil 
 
DNA is the substrate of many cellular processes including DNA replication, 
transcription and chromatin remodeling. Therefore, these processes are coordinated to 
maintain genome integrity and ensure accurate duplication of genetic and epigenetic 
information. Genome-wide studies have provided evidence of the relationship between 
transcription and DNA replication timing. In mouse embryonic cells, 85% of origins of 
replication (ORIs) are associated with transcriptional units. In human cells, 75% of 
activated origins overlapped with transcribed areas of the genome. A global analysis of 
DNA replication initiation in T. brucei showed that TbORC1 (subunit of the origin 
recognition complex, ORC) binding sites are located at the boundaries of transcription 
units. Further studies also showed that T. brucei has fewer origins of replication than model 
eukaryotes, a highly divergent ORC complex, and an apparent lack of several replication 
factor homologs. Although recent studies in T. brucei indicate functional links among DNA 
replication, transcription, and antigenic variation, the underlying mechanisms remain 
unknown. In this study, we adapted an unbiased technology for the identification of 
replication fork proteins called iPOND (isolation of proteins on nascent DNA) to T. brucei, 
vii 
 
its first application to a parasite system. The iPOND approach relies on labeling newly 
replicated DNA with the thymidine analog EdU (5-ethynyl-2′-deoxyuridine), which 
contains an alkyne functional group that enables the cycloaddition of a biotin azide. This 
click chemistry reaction yields a stable covalent linkage, facilitating streptavidin capture 
of cross-linked biotinylated DNA-protein complexes. First, we described how we adapted 
the iPOND protocol in T. brucei procyclic cells in order to generate a suitable sample for 
mass spectrometry analysis (Chapter 2). Then, we analyzed the iPOND samples and 
performed label-free quantification to determine which proteins are enriched in an active 
replication fork in T. brucei (Chapter 3). We identified a total of 410 proteins, including 
key DNA replication factors and proteins associated with transcription, chromatin 
organization, DNA repair and mRNA splicing. Around 25% of the proteins identified were 
of unknown function that might have the potential to be essential trypanosome-specific 
replication proteins.  Additionally, we characterized two proteins from our iPOND-derived 
protein list (Chapter 3). These are a protein annotated as a Replication Factor C subunit 
(Tb927.10.7990), and a protein of unknown function (Tb927.3.5370). Both revealed 
nuclear localization throughout the cell cycle. Tb927.10.7990 proved to be essential since 
its silencing caused a growth defect in procyclic cells and impaired DNA replication. 
However, Tb927.3.5370 appeared to be a dispensable gene.  Our data suggest that DNA 
replication, transcription, chromatin organization and pre-mRNA splicing events all occur 
on or near nascent DNA. We propose nucleosomes are assembled close to the replication 
fork followed by RNA pol II recruitment, transcription, and co-transcriptional RNA 
splicing. Further studies are needed to determine how these processes are linked and co-
regulated, and how rapidly they are initiated during DNA replication. 
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CHAPTER 1 
KINETOPLASTID-RELATED DISEASES, TRYPANOSOMA BIOLOGY AND 
DNA REPLICATION 
 
1.1 The kinetoplastids and Neglected Tropical Diseases 
The family Trypanosomatidae belongs to the class Kinetoplastea and represents a 
diverse and important group of protozoan organisms. In this family, parasites can exhibit 
two lifestyles. They can be dixenous (two hosts, one invertebrate and one vertebrate) or 
monoxenous (single host, either invertebrate or vertebrate) parasites [1]. Genera 
Trypanosoma and Leishmania are classified as dixenous parasites of clinical and veterinary 
importance causing economic burden primarily on tropical and subtropical countries. 
These include the human pathogenic species Trypanosoma brucei causing Human African 
Trypanosomiasis (HAT) in sub-Saharan Africa, Trypanosoma cruzi causing Chagas 
Disease in South America and approximately 20 species of Leishmania causing cutaneous 
and visceral leishmaniasis in a worldwide distribution [2]. These are considered as 
neglected tropical diseases (NTDs) since these parasitic infections are dominant in tropical 
and sub-tropical developing countries with high levels of poverty. For example, 73% of 
the population located in sub-Saharan Africa lives on less than $2 USD per day. NTDs not 
only have an impact on health, but also contribute to an economic and social burden causing 
discrimination, impairment on cognitive development, physical disabilities and loss of 
social status. Therefore, individuals affected by these diseases cannot carry a productive 
life, affecting their communities and their economic development [3].  
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1.2 Human African Trypanosomiasis 
In the case of HAT or Sleeping Sickness, 70 million people live in an at-risk area 
in the sub-Saharan Africa. HAT contributes to approximately 1% of the deaths attributed 
to NTDs, ranking at the fifth position. In 2016, the Global Health Observatory reported 
2,184 new cases of HAT. This number has been remarkable reduced compared to the 
10,388 cases reported in 2008. This reduction is part of the efforts of the WHO to overcome 
the global impact of the NTDs, where HAT is one of the diseases targeted for full 
elimination by 2030 [4,5]. 
Many strategies have been implemented to reduce the number of annual cases.  
These strategies have been focused on screening, treating the patients, surveillance, 
diagnosis and vector control. The sleeping sickness control program is based on patient 
self-report to local health centers and active case-finding where teams of health workers 
seek out patients living in at risk areas.  Diagnosis includes blood testing for serological 
confirmation of antigens in response to the parasite and lumbar puncture to check the 
cerebrospinal fluid. Recently, loop-mediated isothermal amplification (LAMP) technique 
has been implemented for a diagnostic purpose. For vector control, the use of insecticide-
impregnated screens called “tiny targets” that attracts the flies and kills them has been 
employed [4]. 
Two subspecies of T. brucei are pathogenic to humans: T. brucei gambiense and T. 
brucei rhodesiense. These parasites are transmitted by the bite of infected tsetse flies 
(vector) to humans. T. brucei gambiense causes the chronic and long latency form of the 
disease in central and west Africa. This subspecies represents 95% of all reported HAT 
cases. In Gambian African HAT, humans are the main reservoir and transmission agent 
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within the life cycle of the parasite. T. brucei rhodesiense is the acute and more virulent 
form of the disease in east and southern Africa. The Rhodesian African sleeping sickness 
is rare, patient deaths often occur within a few months [6,7]. Both forms of HAT can be 
fatal if left untreated. HAT has two clear clinical stages: The hemolymphatic stage (stage 
I) and the meningoencephalitic stage (stage II). The hemolymphatic stage is characterized 
by intermittent fever lasting 1 day to 1 week, separated by intervals of days or months. This 
fever pattern is a result of the successive cyclical waves of trypanosome parasitemia. Also, 
the patient can present headache, pruritus and lymphadenopathy. The second stage occurs 
when trypanosomes cross the blood-brain barrier and invade the central nervous system 
(CNS). This leads to the development of neuropsychiatric disorders such as disturbance on 
the patient´s sleep pattern. The sleep disorder consists of daytime somnolence and a sudden 
overwhelming urge to sleep, and nocturnal insomnia. Other signals include confusion and 
trouble with motor and mental coordination, personality changes, hallucinations and 
paranoid delusions together with encephalitis. After observation of these symptoms, the 
patient falls into a coma stage and dies if left untreated [6,8,9].   
Current treatment is based on 5 available drugs: melarsoprol, pentamidine, suramin, 
eflornithine and nifurtimox. For stage I, pentamidine is the first line treatment for T. brucei 
gambiense and is an alternative treatment for T. brucei rhodesiense. It has 95%-98% 
efficiency and is administrated intramuscularly once daily for 7 days. Suramin is another 
effective drug to treat stage I of T. brucei gambiense and T. brucei rhodesiense disease. 
Compared to pentamidine, suramin is more complicated to administer since it has to be by 
slow intravenous infusion. Melarsoprol is an arsenic compound and is effective at the stage 
II of the disease. However, it has high levels of toxicity and there is documentation 
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indicating anti-parasitic resistance. Currently, the first line to treat the second stage of T. 
brucei gambiense disease is nifurtimox-eflornithine combination therapy (NECT). 
Compared to Melarsoprol, NECT has higher cure rates, lower fatality rates and less severe 
secondary effects. NECT consists of nifurtimox delivered orally and eflornithine delivered 
intravenously. Yet, NECT has a high cost and is complicated to administrate. There have 
been efforts to develop new medicines to combat HAT. Two new drugs, benzoxaborole 
SCYX-7158 and fexinidazole are in clinical trials. These two molecules can be 
administered orally and intend to treat both disease stages [9–11]. Fexinadozole is a 
nitroimidazole that in clinical phase I trials proved good tolerance in oral doses of 100 to 
3600 mg and it was able to effectively cure both acute and chronic disease in mice at doses 
of 100 mg/kg of body weight/day for 4 days and 200 mg/kg/day for 5 days, respectively. 
Fexinadozole is in clinical phase III assessing the therapy success under real life conditions 
[10,12]. Oxaborole SCYX-7158 is a small boron-containing molecule that when 
administered to 128 healthy humans in phase I clinical trial, they tolerated dose of 960 mg. 
SCYX-7158 displayed potent activity against T. brucei rhodesiense and T. brucei 
gambiense. Infected mice that were administered with oral doses (5 mg/kg/day) of SCYX-
7158 daily for 4 days showed 100% cure rate. Based on these observations, SCYX-7158 
started its phase II trial in the Democratic Republic of Congo in 2016 [10,13].  
Despite the promising results of these two drugs, the quest for new satisfactory and 
effective therapies continues. Part of the strategies for such quest is to understand the 
parasite genome and use the proteomic data available to identify attractive targets for the 
sleeping sickness. The identification of these potential novel targets can contribute to 
eliminating sleeping sickness as a public health problem in the future.  
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1.3 Trypanosoma cell cycle.  
T. brucei follows a typical eukaryotic cell cycle, encompassing G1, S, G2 and M 
phases [14].  However, there are some differences between T. brucei and animal cell 
division. Cytokinesis in T. brucei does not involve a contractile actomyosin ring at the 
cleavage furrow but instead the cleavage plane moves longitudinally through the cell 
between two defined points [15,16]. In T. brucei, the nucleus divides via intranuclear 
spindle. In many animal cells, the main microtubule organizing center (MCOC) is the 
centrosomes. However, in T. brucei centriole functions as basal body that nucleates the 
parasite flagellum through the entire cell cycle. Basal bodies never locate at the spindle 
poles or connect to the intranuclear spindle [16]. Nevertheless, basal body duplication is 
the first cellular marker at G1 phase followed by the beginning of the synthesis of a new 
flagellum [17]. T. brucei has a number of single copy organelles that have to be duplicated 
and segregated accurately. This parasite has two DNA containing organelles, the 
kinetoplast (mitochondrial DNA, located in the single mitochondrion of the parasite) and 
the nucleus [18]. Kinetoplast DNA (kDNA) replication occurs before nuclear DNA 
replication. Kinetoplast elongation/division takes place during the S phase of nuclear DNA. 
Correct segregation and positioning of daughter kinetoplast rely on basal body movement, 
since the proximal end of the basal body is linked to the kinetoplast via the filaments of the 
tripartite attachment complex (TAC) [19]. After nuclear S phase, cells enter to M phase 
and chromosome segregation occurs, followed by complete nuclear division. After this, 
cleavage furrow ingression occurs between the two flagella resulting in two daughter cells 
at the end of the cell cycle [18]. Normal course of cell cycle stages in T. brucei can be 
tracked and visualized by staining the DNA content of the kinetoplast (K) and nucleus (N) 
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with DAPI (4,6-diamidino-2-phenylindole) staining. The normal configurations are 1N1K, 
1N Kdiv (elongated V-shaped kinetoplast, indicating kinetoplast replication), 1N2K and 
2N2K (Fig 1.1). Most of the 1N1K cells are in G1 phase, 1N1Kdiv are in S phase, 1N2K are 
in S-G2 phase and 2N2K cells are post-mitotic. In asynchronous population of PCF 
parasites, most of the cells are in G1 phase (approximately 80%), cells at S phase represent 
around 20% of the population and G2 phase cells are near to 2% of the population [20–22].  
Cell cycle regulation in Trypanosomes shares some features with other eukaryotes 
but the parasite has also evolved unusual checkpoint control mechanisms to regulate its 
cell cycle, including a number of trypanosome specific cell cycle regulators. Cell cycle 
phases are regulated by CDC2-related kinases (CRKS) and their partner cyclins [14]. For 
example, CRK1, CRK2, cyclin CYC2 regulate the transition between G1/S phase [23,24]. 
CRK1 interacts with four cyclins (CYC2, CYC4, CYC5 and CYC7), whereas CRK2 only 
interacts with CYC2 [25].Transition of G2 to M phase in T. brucei is regulated by CRK3 
and cyclin CYC6 [26]. Checkpoints for mitosis to cytokinesis transition are absent in this 
parasite [27]. One of the proteins involved in spindle assembly and chromosome 
segregation is the Aurora B homolog in trypanosomes TbAUK1, which forms a unique 
chromosomal passenger complex (CPC) with two trypanosome specific proteins TbCPC1 
and TbCPC2 [28]. TbAUK1 also has a role in cytokinesis together with a Polo-like kinase 
TbPLK1. TbAUK1 regulates cytokinesis initiation, furrow ingression and abscission 
[29,30]. TbPLK1 promotes cytokinesis initiation when it is concentrated at the anterior tip 
of the new flagellar attachment zone (FAZ) in the late cell cycle stages [30].  
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Figure 1.1 - Cell Cycle stages in T. brucei. Diagram illustrating the major morphological 
events of the cell cycle of procyclic T. brucei. The cell cycle has two components: 
kinetoplast division (blue circle) and nuclear division (orange circle). Cells at G1 phase 
are in the 1N1K stage. The first event is duplication of the basal body followed by 
kinetoplast replication (Sk) prior nuclear S phase (SN). These are 1N1Kdiv cells. The 
nucleus remains in S phase upon segregation of the kinetoplast (D, division) rising to 
1N2K cells. As cell cycle progresses, the basal bodies continue to move apart (A), and 
cells enter to M phase (mitosis) and chromosome segregation occurs (1Ndiv2K). Nuclear 
division is complete generating 2N2K cells and cleavage furrow ingression occurs 
between the two flagella to initiate cytokinesis (C). At the end of the cell cycle, there are 
two daughter cells having one nucleus, one kinetoplast and one flagellum.  
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1.4 Trypanosoma cell biology  
Trypanosoma brucei alternates between an insect host and mammalian host during 
its life cycle, displaying key metabolic adaptations that are reflected by morphological 
changes. These cellular forms optimize parasite survival and ensure transmission to the 
next host [9,31]. Metabolic and morphological changes include fine-tuning of energy 
metabolism, organelle reorganization, and biochemical and structural remodeling [32].  
These adaptations are based on major changes in gene expression. There are two life stages. 
The procyclic form (PCF) and the bloodstream form (BSF). PCF resides in the insect vector 
(tsetse fly) and BSF resides in the mammalian host. Transcriptome studies have shown that 
between 6%-30% of T. brucei genes are differentially expressed between its different life 
stages [33–35], and by ribosome profiling studies, approximately 35% of the coding 
sequences are significantly regulated at the protein level between the  two life forms [36].  
The entire life cycle of T. brucei is represented by extracellular stages. Within the fly´s 
midgut, the parasite transforms into PCF and proliferates. At this part of the life cycle in 
the fly, the parasite needs to leave the midgut and find its way to colonize the salivary 
glands. During this process, the trypanosomes go through an asymmetric division 
producing short epimastigotes that colonize the salivary glands. Finally, epimastigotes are 
attached to the epithelium while they differentiate to pre-metacyclics. Once they arrest on 
G1, they can be released as metacyclic trypomastigotes (infective form)  and be ready to be 
transmitted to the next mammalian host [37,38]. Within the mammalian host, the parasite 
transforms into BSF trypomastigotes. They have two stages, the long slender form 
(proliferative form) that doubles every 7 hours by binary fission and the short stumpy form 
(division-arrested forms). Differentiation from long slender forms to short stumpy forms 
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relies on quorum sensing mechanisms and it is an irreversible process [31,39] (Fig 1.2). 
The BSF parasites overcome the host innate and adaptive immune system by periodically 
changing their variant surface glycoprotein (VSG) coat. This process is called antigenic 
variation. This cycle of antigenic variation impedes the immune system to clear the 
infection since a proportion of the parasites have switched towards the expression of a 
different VSG that is no longer recognized by antibodies raised against previous VSG 
antigens. In this manner, the parasite prolongs the infection and optimizes the potential for 
its transmission [40,41]. Recent investigations have shown that in addition to the blood and 
brain-blood barrier as the two major niches of T. brucei in the mammalian host, adipose 
tissue [42], skin [43,44] and male testis [45,46] are also reservoirs for this parasite.  
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Figure 1.2 - Life Cycle of T. brucei. Diagram illustrating the cellular forms of T. brucei 
life cycle. These forms have different morphology. Briefly, the tsetse injects infective 
metacyclic trypomastigotes into the mammalian host, and the parasite differentiate into 
proliferative slender BSF (indicated with the arrow) in the blood. In these cells, the 
kDNA is located at the posterior end of the cell. As the population increases, the slender 
BSF differentiates into stumpy BSF. This form does not undergo cells division and pre-
adapts for transmission to tsetse flies. Once this form is uptake in a tsetse blood meal, 
it transforms into procyclic cells that proliferates in the fly midgut. After they establish 
in the midgut, the parasites migrate to the salivary glands where they attach as 
epimastigotes forms. They proliferate by being attached with the flagellum to the 
epithelium. In epimastigotes, the kDNA is located in the anterior to the nucleus. 
Epimastigotes generates non-proliferative metacyclic which are preparing for 
transmission into a new mammalian host.   
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1.5 Unusual genomic organization in T. brucei and transcription 
T. brucei has a genome size of 26 Mbp and comprises eleven diploid megabase-
size chromosomes (0.9-6 Mbp), around 100 minichromosomes (30-150 kbp) and 
approximately 5 intermediate size chromosomes (200-900 kbp). The T. brucei genome 
encodes approximately 10,000 genes [47]. The three types of chromosomes have telomeric 
repeats. The megabase chromosomes have different segments or regions.  It has a core 
region containing the housekeeping genes, which are transcribed by RNA polymerase II 
(RNA pol II) [48], and a telomeric region that flanks the core region and harbors arrays of 
VSG genes and pseudogenes [49]. Minichromosomes and intermediate chromosomes also 
contain VSG genes [50]. VSG genes  are transcribed by RNA polymerase I and this occurs 
in a molecularly and functionally distinct nuclear compartment observed in the BSF of the 
parasite called the expression site body (ESB) [51]. In T. brucei, there is a transcriptional 
control mechanism where only one VSG gene is expressed at a given time. This 
monoallelic expression is based on the activation of only one of the ∼15 bloodstream 
expression sites (BES) present in T. brucei [52].  
One of the striking features in T. brucei is how they organized their genome.  The 
majority of the encoding genes are organized in directional gene clusters (DGC) also 
known as polycistronic transcription units (PTUs) [53–55]. The regions between DGCs 
located in opposite strands are known as strand switch regions (SSRs), and they can be 
divergent, convergent or have a head to tail  orientation (HT) [55,56]. RNA polymerase II 
(RNA pol II) transcribes these DGC, although no RNA pol II promoter has been defined 
in T. brucei with exception for the spliced-leader (SL) RNA promoter [48]. These 
polycistronic mRNAs are then processed from the precursor to yield monocystronic 
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mRNAs through trans-splicing of a capped 5´terminal SL that is fused to the 5´UTR of the 
pre-mRNA, coupled with polyadenylation of the 3´UTR. These events produce a mature 
mRNA [57,58]. 
 
1.6 Eukaryotic and T. brucei DNA replication  
DNA replication initiation is a multistep reaction that has to be accurately regulated 
to promote replication fork assembly and to control origin replication firing [59]. This 
process can be defined in two main steps. First, is the replication origin licensing where 
the pre-replication complex (pre-RC) recognizes and binds to the origin. Second is 
activation of DNA synthesis known as origin firing [60]. DNA replication in eukaryotes is 
characterized for having multiple origins that are often defined by local DNA structure and 
chromatin environment than by a sequence conservation [61,62]. An exception of the latter 
is budding yeast, where DNA segments called autonomous replication sequencing (ARS) 
serve as ORC recruitment [63]. Only a subset of licensed origins is activated in a cell. 
Selection of origin activation varies from cell to cell, even in the same cell population. This 
indicates that origin usage in eukaryotes is flexible [60,64,65]. Origin licensing occurs at 
G1 phase, where the origin recognition complex (ORC), CDC6 and Cdt1 load the two 
MCM2-7 (minichromosome maintenance complex) helicase onto DNA [66–68]. ORC is 
composed of six subunits ORC1-6.  ORC has ATPase activity and its binding to origin 
DNA requires ATP. ORC1-5 appear to be present in all eukaryotes and conserve the AAA+ 
folds, including the winged helix domain and the Walker A and Walker B motifs, that allow 
the ring-shaped structure to encircle DNA double helix. ORC6 has no structural similarity 
to the other subunits and is poorly conserved between yeast and other eukaryotic species. 
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In metazoans, ORC1, ORC4 and ORC5 contain functional ATP binding sites  [66,69,70]. 
CDC6 also has an AAA+ domain and homology to ORC1. Once ORC is assembled on 
chromatin CDC6 binds to ORC. At this point, the ORC/CDC6 complex contains four ATP 
binding proteins (CDC6, ORC1, ORC4 and ORC5) allowing the recruitment and docking 
of Cdt1 and MCM2-7 complex onto origins. Cdt1 facilitates the recruitment of the MCM 
complex by inducing conformational changes within the MCM complex that relieve the 
autoinhibitory activity of MCM6 subunit [66]. The MCM complex is the core of the 
replicative DNA helicase and is an heterohexameric complex of 6 subunits MCM 2-7 that 
form a ring. MCM has two distinct modules. A C-terminal AAA++ domain that provides 
the ATPase activity for the helicase, and a N-terminal domain required for double hexamer 
attachment [71,72]. Origin activation requires activation of the MCM helicase complex. At 
the G1/S phase transition, kinases (DDK) and cyclin-dependent kinases (CDK) 
phosphorylate several replication factors including MCM10, CDC45, GINS complex 
(Sls5, Psf1, Psf2 and Psf3 subunits) and polymerase e promoting their loading on origins. 
In addition, DDK and CDK phosphorylate several amino acids in the MCM complex that 
lead to helicase activation and DNA unwinding. At this point, the active helicase consists 
of CDC45, MCM and GINS, known as the CMG complex. CMG helicase activation 
recruits components of the replisome such as replication protein A (RPA), proliferating 
cell nuclear antigen (PCNA), replication factor C (RFC) and other DNA polymerases. This 
results in two functional replication forks that move in opposite directions from the 
activated origin [68,73].  
Components of the replisome play roles in unwinding the DNA (helicases), 
processivity (sliding rings clamps and their loaders), DNA protection (single stranded 
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DNA [ssDNA] binding proteins) and DNA synthesis (primases and polymerases) [74]. 
PCNA is a homotrimeric sliding clamp that encircles duplex DNA and it binds directly to 
DNA polymerases, acting as a mobile tether that holds DNA polymerases for processive 
DNA synthesis [75]. Loading of PCNA onto DNA is performed in an ATP-dependent 
manner by the clamp loader replication factor C (RFC). RFC is a heteropentameric AAA+ 
protein complex consisting in subunits RFC1, RFC2, RFC3, RFC4 and RFC5 [76]. One of 
the major ssDNA binding proteins is replication protein A (RPA), which is a heterotrimeric 
enzyme. RPA has domains for protein-protein interaction and ssDNA binding [77]. This 
protein prevents formation of secondary structures and protects the DNA from nuclease 
degradation by coating exposed ssDNA [78]. 
DNA replication is a semiconservative process where DNA synthesis occurs in the 
5´to 3´direction. The leading strand synthesis proceeds continuously while the lagging 
strand synthesis occurs in a discontinuous manner [79]. To initiate DNA synthesis, a 
primase generates a short RNA primer. DNA polymerase alpha (Pol a) is a four-subunit 
enzyme having two primase subunits that synthesize a 7-12 ribonucleotide oligomer. The 
3´end of the oligomer is handed over intramolecularly to the Pol a active site so the RNA 
primer can be extended using dNTPs to form a strand of approximately 30 nucleotides in 
length [76,80,81]. In addition to Pol a, there are other two DNA polymerases, Pol d and 
Pol e, that participate on DNA synthesis. Pol a, Pol d and Pol e are members of the B 
family of DNA polymerases [68]. Pol e synthesizes the leading strand while Pol d 
synthesizes the lagging. In the lagging strand, there are discontinues stretches of DNA 
replication products known as Okakazi fragments, which are processed by FEN-1 
endonuclease and DNA ligase. Pol d extends primers on the lagging strand until encounters 
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and collides with the 5´end of the preceding Okazaki fragments. Pol  d continues replicating 
and displaces the RNA primer forming a short 5´end flap. This flap is a substrate for FEN-
1 endonuclease which removes the RNA primer and then, the nick is filled by a DNA ligase 
[82] (Fig 1.3).  
As mentioned above, the current view is that Pol e is involved in leading strand 
synthesis and Pol d in the lagging strand synthesis. However, there still uncertainty in these 
assignments and further studies are needed to clarify their functions in each strand [83]. 
Pol e and Pol d possess a 3´to 5´proofreading exonuclease activity, making them accurate 
DNA polymerases that can incorporate 2,000 bases/min with less than one single base error 
per million nucleotides polymerized [84]. Pol e forms a complex with the CMG helicase 
complex, associating it with the leading strand, since CMG only encircles the leading 
strand. Compared to Pol d, Pol e does not perform efficient strand displacement synthesis, 
which is essential for Okazaki fragment maturation on the lagging strand [68]. For this 
reason, Pol d is considered to be the major DNA polymerase involved in lagging strand 
synthesis. There have been observations where Pol e catalytic subunit is not essential, and 
Pol a and Pol d are sufficient to replicate the Simian Virus 40 genome [85]. A recent study 
proposed that Pol d replicates both leading and lagging strand and Pol e plays a role as a 
proofreading exonuclease removing the Pol d generated errors from the leading strand [86]. 
All these studies keep the discussion of polymerase assignment open. Therefore, more 
studies are needed to propose or confirm any current model (Fig 1.3).  
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Figure 1.3 - Replication fork progression in model eukaryotes. DNA replication elongation 
begins with the activation of the MCM2-7 complex during the G1/S transition upon its 
phosphorylation. This phosphorylation event results in the formation of the CMG complex, 
which consists of CDC45, MCM2-7 and GINS, and the recruitment of MCM10 and DNA pol 
ε. Once the CMG complex is assembled and activated, it unwinds DNA to initiate DNA 
synthesis. Helicase activation recruits other DNA replication factors including RFC, PCNA, 
RPA and other DNA polymerases. At this point, there are two functional replication forks that 
move in opposite directions. DNA polymerases start to synthesize DNA from a RNA primer 
made by the DNA Pol α/ primase complex. This primer is extended by DNA pol δ (lagging 
strand) and DNA pol ε (leading strand). During DNA synthesis, DNA polymerase processivity 
is assured by DNA clamps such as PCNA, which is loaded by the clam loader RFC behind the 
replication fork. FEN-1 endonuclease and DNA ligases process Okazaki fragments in the 
lagging strand. Adapted from [96] 
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In Trypanosoma brucei, DNA replication has divergent features compared to other 
eukaryotes.  Studies of DNA replication initiation in T. brucei have shown that this parasite 
has a divergent architecture of the ORC complex, where some subunits are not present and 
a single protein presents homology to both ORC1 and CDC6 (ORC1/CDC6) [87]. 
Orthologues of T. brucei ORC subunits ORC2, ORC3, ORC4, ORC5, and ORC6 could not 
be identified by sequence homology [88]. The TbORC4 subunit was identified by co-
immunoprecipitation of TbORC1/CDC6. TbORC4 appears to be a highly divergent 
orthologue since it lacks critical and conserved residues involved in nucleotide and Mg++ 
binding, showing that TbORC4 has a weaker Walker A and B motifs, which are present in 
the AAA+ superfamily of ATPases [89]. Another factor named TbORC1b was identified 
and conserves ATPase motifs and interacts with TbORC1/CDC6. However, TbORC1b has 
failed in displaying ATPase activity [90]. Other factors that were found to interact with 
TbORC1/CDC6 are the trypanosome-specific factors Tb3120 and Tb7980, which are 
essential for parasite survival since their depletion caused failure to complete nuclear DNA 
replication and loss of nuclear DNA. There is weak evidence of an ATPase domain in 
Tb3120, and for Tb7980 this domain is completely absent [89]. In total, trypanosome 
expresses at least five ORC proteins (TbORC1/CDC6, TbORC1b, TbORC4, Tb3120 and 
Tb7980), but there is still no evidence that these proteins form a complex and if there is a 
sixth ORC like proteins that has not been identified [15].   
Components of the MCM helicase complex are conserved in T. brucei together with 
CDC45 and members of the GINS complex. T. brucei CMG complex possesses in vitro 
helicase activity and interacts via MCM3 with TbORC1/CDC6 and TbORC1B in vitro and 
in vivo.  Regulation of some of these components is also different in T. brucei when 
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compared to other eukaryotes. In T. brucei, the six subunits of the MCM complex display 
nuclear localization throughout the cell cycle from G1 to telophase [90], which differs from 
the regulation that these subunits have in yeast, where they are exported out of the nucleus 
after DNA replication [91]. Furthermore, T. brucei CDC45 displays cell cycle localization 
where it resides in the nucleus during G1 to G2 phase, and then is excluded from the nucleus 
upon mitosis [90], while in human cells CDC45 is regulated by protein degradation [92]. 
Nevertheless, other factors involved in the assembly of the pre-RC complex such as Cdt1 
or in the assembly of the CMG complex such as Sld2, Sld3 and DDK were not identified 
in T. brucei genome [47] 
Despite these initial studies, the complete replisome of T. brucei has not been fully 
identified or characterized (Fig 1.4). Only one component of DNA replication elongation, 
PCNA, has been characterized in detailed. T. brucei PCNA depletion in BSF  parasites 
resulted in reduction of cell proliferation, defects on DNA replication, cell cycle arrest at 
S phase and accumulation of parasites at G2/M phases [93]. Recently, a study showed that 
TbPCNA is phosphorylated on serine and threonine residues [94], which differs to what is 
observed in human PCNA which is phosphorylated only in tyrosine residues [95].  
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Figure 1.4 Replication fork progression model in T. brucei. Components of the 
replisome have been identified by sequence homology in T. brucei. Colored proteins have 
been characterized. Gray proteins have not been functional characterized in T. brucei. 
Adapted from [96] 
 
 
 
 
 
 
 
 
 
  
20 
 
1.7 Crosstalk between replication and other cellular processes. 
The nucleus is the home of the genetic information of the cell. Genomic DNA is 
efficiently packed into chromatin but still must be accessible for DNA transactions 
processes such as DNA replication, DNA repair and transcription [97]. This accessibility 
is regulated during the cell cycle by having different nuclear compartments. This suggests 
that genomes function in the context of nuclear architecture, where the nucleus is 
spatiotemporally and functionally compartmentalized. These compartments can be 
distinguished by presenting morphological and/or functional differences compared to their 
surroundings [98]. For example, there are compartments where chromatin is highly 
condensed and closed for access (heterochromatin) and compartments that are less 
condensed and open (euchromatin) for different DNA-templated processes [99]. In terms 
of functionality, replication and transcription foci can be observed within the nucleus. 
Replication foci are sites where duplication of the chromosomal DNA is occurring and 
active replicons are located. These replication foci are very dynamic by presenting different 
distribution patterns within the nucleus at different time-lapse of S phase. In mammalian 
cells, at early S phase, multiple small foci are distributed in the nucleoplasm. At mid S 
phase, the pattern changes and the foci are concentrated around the nucleolus. At late S-
phase, the foci are reduced by number but their size increases [100]. Transcription is also 
compartmentalized in the nucleus, where there are transcription foci for RNA polymerase 
I in the nucleolus [101] and there are transcription foci for RNA polymerase II, which has 
a heterogeneous distribution throughout the nucleoplasm [102]. There is an interphase 
between DNA replication and transcription, where active genes are replicated at early S 
phase, which means that origins of replication that fire at early S phase are located near to 
21 
 
active genes and could be clustered around transcription sites [100]. 
Genome-wide studies have provided evidence of the relationship between 
transcription and DNA replication timing. In mouse embryonic cells, 85% of the origins 
are associated with transcriptional units, and the origins density mapped in the mouse 
genome strongly correlated with the promoter density. Another interesting finding in this 
study is that the origins with higher firing efficiency are the ones located at CpG islands 
promoter sites [103]. Another study in human cells, origins were identified and 
characterized, and they showed that 75% of the activated origins overlapped with 
transcribed areas of the genome. This study suggested that colocalization of DNA 
replication and transcription initiation sites might provide a co-linearity progression of 
DNA replication forks and transcription complexes to prevent head on collisions and 
potential collapse [104]. 
Another two examples can be found in the kinetoplastids organisms L. major and 
T. brucei. In a recent study in Leishmania major, origins were mapped preferentially at 
genomic locations where RNA pol II is expected to slow or stall, this means at transcription 
termination sites (TTS). RNA pol II also localizes at sites where base J is found [105]. Base 
J is a thymine that is hydroxylated and glucosylated [106], and replaces 1% of thymine in 
the genome. It is predominantly present in telomeric repeats but, in the case of Leishmania, 
base J is also located at chromosome-internal RNA pol II termination sites [107]. SNS 
(small leading nascent strand) maxima occur immediately adjacent to the base J location 
and just downstream of the TTS. This study concludes that the spatial and temporal 
program of DNA replication in L. major can be explained in the context of RNA pol II 
kinetics [105].  
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A global analysis of DNA replication initiation in T. brucei showed that 
transcription and DNA replication initiation are very coordinated in terms of position and 
function. By mapping TbORC1 binding sites by ChIP, it was found that ORC1 localizes 
where the DGCs diverge, converge or at the junction between head-to-tail units. When 
performing RNAi of TbORC1, there was an increase in the mRNA levels of genes 
positioned at DGC boundaries, regions where TbORC1 is localized. Also, this protein was 
localized at the subtelomeric regions where the VSG genes are positioned [108]. 
Additionally, a recent study in T. brucei BSF parasites used marker frequency analysis with 
next generation sequencing (MFAseq) in combination with qPCR to measure how early is 
the replication of the active transcribed VSG gene. As a result, the active BES was the 
single mapped telomeric site that replicate at early S phase. This suggests that transcription 
of the active BES in the BSF of the parasite allows the site to become accessible for 
replication [109].   
During DNA replication, the cell must maintain and transmit the proper chromatin 
organization and structure. Chromatin is disrupted ahead of the replication fork and then 
must be restored behind the fork on the two new daughter strands. Nucleosome assembly 
is the first step to maintain the chromatin structure and includes nucleosome remodeling, 
incorporation of histone variants and restoration of marks on DNA and histones [110]. 
Using simian virus 40 minichromosomes, it was observed that nucleosomes can be 
assembled at 250 bp distance from the replication fork [111]. Chromatin factors play a role 
in DNA replication. As an example, studies have shown that two histones chaperones, 
FACT and Asf1, are implicated in eukaryotic DNA replication fork progression in vivo. 
FACT has a physical association with CMG and Pol a [62]. Asf1 interacts with MCM via 
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Histone 3 and Histone 4, and depletion of Asf1 inhibits replisome progression during S 
phase in human cells [112]. In yeast, chromosome remodelers INO80 or ISW1A, and 
acetyltransferases Gcn5 and Esa1 stimulate DNA synthesis in the leading strand [62]. A 
recent study also in yeast showed that chromatin promotes origin dependence and 
nucleosome assembly during DNA replication regulates Okazaki fragment length by 
limiting Pol δ progression [113]. Based on these observations chromatin factors modulate 
replication rates in vivo by facilitating DNA replication factors functions at replication 
forks [62].  
 
1.8 Goal of this study 
This study aims to identify the proteins that are associated with an active 
unperturbed replication fork in T. brucei, and contribute to the understanding of the 
relationship between DNA replication with other cellular processes in this parasite using 
an unbiased technique called isolation of proteins on nascent DNA (iPOND). The DNA 
replication repertoire in this parasite has not been completely elucidated. Therefore, the 
following dissertation research was conducted to solve the following questions: 
1) What is the complete repertoire of DNA replication proteins in T. brucei? 
2) Are any kinetoplastid-specific proteins associated with nuclear DNA 
replication and its regulation? 
3) Are other cellular processes coordinated with the DNA replication fork in T. 
brucei? 
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1.9 Significance and Contribution of this study.  
By applying and optimizing the iPOND technology for the first time in a parasitic 
system, this study was able to identify the players that are present at active replication fork 
in T. brucei. This study was able to obtained a global view of the cellular processes that 
are participating in proximity to the replication fork, and provided a list of proteins that can 
represent trypanosome-specific factors that can be used in the future as therapeutic target 
to treat kinetoplastid related diseases such as Sleeping Sickness, Chagas disease and 
Leishmaniasis  
 
1.10 Dissertation Overview 
Following this introduction, Chapter 2 is focused on the optimization of the iPOND 
technology in T. brucei using procyclic cells. This chapter highlights several aspects of T. 
brucei biology that were important to consider in order to successfully apply this technique 
in this parasite, and addresses why iPOND was the best method available to identify the 
proteins involved in nascent DNA. Additionally, includes the modifications and the 
evaluation of each step of the iPOND protocol. Chapter 3 covers the mass spectrometry 
(MS) analysis and the identification of the proteins that were enriched in an active 
unperturbed replication fork. Provides a GO term analysis and a discussion of the cellular 
processes that were enriched in an active fork. Includes data of the initial characterization 
of two proteins identified by MS.  
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CHAPTER 2 
       OPTIMIZATION OF TRYPANOSOMA BRUCEI iPOND 
 
2.1 Introduction 
2.1.1 Current techniques and improvements to study DNA replication 
Research on DNA replication dynamics is progressively growing due to the 
development of new technologies that are solving many questions about the complexity of 
DNA replication. These techniques include microscopy methods that allow the quantitative 
assessment of genome wide replication speed and relative positioning of replicating DNA. 
Examples of these are single molecule DNA fiber analysis, genome combing, super 
resolution microscopy and digital image analysis [1–3]. Other advances include techniques 
that address DNA-protein interactions [4] and proteomics tools that facilitate the 
identification, purification and quantification of  machineries that are at the replication fork 
[5].   
Genomic, proteomic and imaging technologies, such as Repli-seq [6], Chromatin 
interaction analysis by paired-end tag sequencing (ChIA-PET) [7] and 3D DNA FISH [8],  
are coming together in the 4D nucleome network project with the purpose to map the 
structure and dynamics of the genomes in space and time. With the combination of these 
techniques, the scientific community will achieve a deeper understanding of how the 
nucleus is organized and define the functional role that several structural features of 
chromosome organization impact key cellular processes such as DNA replication and 
transcription [9].  
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2.1.2 Microscopy analysis of DNA replication 
DNA fiber analysis has contributed to the understanding of fork dynamics at single 
molecule resolution by investigating the pattern of replication origin firing and replication 
fork velocities [10]. In DNA fiber analysis, ongoing replication events are followed by 
labelling newly synthesized DNA in a sequential manner using two consecutive thymidine 
analogs such as 5-iodo-2´-deoxyuridine (IdU) and 5-chloro-2´-deoxyuridine (CldU) [11]. 
These analogs are visualized by immunostaining to allow genome wide DNA replication 
tracking of individual DNA molecules, and to monitor changes in replication fork 
progression, fork symmetry and origin firing [12]. Studies combining DNA fiber analysis 
with electron microscopy (EM) have led the visualization of a higher number of replication 
intermediates and monitor their remodeling under stress condition. Using these two tools 
it was recently shown that human DNA2 (DNA replication helicase/nuclease 2) which is 
involved in Okazaki processing, is required for stalled fork processing and restart by 
degrading nascent strands at stalled forks in order to resume DNA synthesis [13]. Another 
observation was that DNA2 participates in processing reversed replication forks. 
Replication fork reversal is a protective mechanism where fork progression is reversed 
when forks encounter DNA lesions and restart DNA synthesis [14]. This study showed that 
upon DNA2 depletion there was an increment of the frequency of fork reversal events [13]. 
This study was an example that combining two powerful techniques such as DNA fiber 
analysis and EM, can highly contribute to the understanding of DNA replication profiles 
not only under normal conditions but also under stress.  
Technical developments and improvements in optical microscopy have allowed the  
visualization of replication sites in live or fixed cells with a higher spatial resolution [3]. 
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Structured Illumination Microscopy (SIM) is one of the super resolution microscopy 
techniques that have been extremely useful to study chromatin structure. A 100 nm 
resolution is achieved using a 3D-SIM microscope allowing the visualization of nuclear 
compartments and function [15]. The landscape of the nucleus was studied using 3D-SIM 
and different compartments were identified such as the interchromatin compartment (IC), 
chromatin domains (CD) and the perichromatin region (PR). The PR is a 100-200 nm thick 
layer of decondensed chromatin. The distribution of replicating DNA, nascent RNA, RNA 
polymerase II and the active chromatin mark H3K4me3 was highly enriched at the PR [16].  
 
2.1.3 Tools to study DNA-protein interaction 
There are classic techniques that have been used to study DNA-protein interactions. 
These include in vitro techniques such as DNase I footprinting assay, electrophoretic 
mobility shift assay (EMSA) and yeast one hybrid system (YIH) [17,18]. DNase I 
footprinting  has been used to identify the replication origins in microbial genomes 
including Escherichia coli [19], Caulobacter crescentus [20] and the archaeon Sulfolobus 
solfataricus [21]. EMSA is a useful technique to analyze the dynamic subunit composition 
of protein complexes bound to nucleic acid under different conditions [18]. For example, 
a recent study using EMSA showed that RPA plays a role in nucleosome assembly during 
DNA replication since this protein interacts with Histone 3 and Histone 4  in the formation 
of histone-DNA complexes [22]. The YIH has been used to identify essential proteins, such 
as ORC6, that interacts in vivo with yeast origin of replication [23]. There are also in vivo 
techniques that have been developed to characterize DNA-protein interactions. An example 
of these techniques is Chromatin immunoprecipitation (ChIP) and all its variants. One of 
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the widely used variants is ChIP sequencing (ChIP-seq) since provides a higher resolution, 
requires less starting material and has a low cost compared to ChIP-chip techniques, where 
ChIP is combined with microarray technology. ChIP-seq, was used for genome-wide 
mapping of human ORC1 DNA binding sites and DNA replication origins. It was found 
that ORC1 binding sites were associated with transcription start sites (TSS) and 
transcription levels at the ORC1 sites correlated with replication timing [24]. 
Other approach to study DNA-protein interactions is by manipulating Xenopus 
laevis eggs [4]. Soluble egg extracts are used as a model system for DNA replication studies 
since they reconstitute the essential nuclear changes of the eukaryotic cells in vitro as they 
occur in vivo [25]. Xenopus eggs are arrested in metaphase of meiosis II, resembling the 
mitotic phase in somatic cells. These extracts can be induced to enter to interphase. When 
exogenous DNA is added to egg extracts at interphase it is first organized into chromatin 
and then incorporated into fully functional synthetic nuclei. These nuclei can undergo 
rounds of DNA replication allowing the study of this essential cellular process [4,25–27]. 
Xenopus eggs extracts were recently used to show that nucleosomes are not required for 
the condensation of mitotic chromosome. This study indicated the formation of chromatid-
like structures that were assembled in almost complete absence of nucleosomes and that 
condensins could bind to the DNA of these structures in a nucleosome-independent manner 
[28].  
 
2.1.4 Proteomic techniques in DNA replication studies 
Proteomic techniques that aim to identify the proteins at the replication forks have 
been developed. These can be separated into two main approaches. The first approach 
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identifies and purifies interacting partners of a known replisome protein that acts as a bait. 
However, this approach is unable to directly distinguish machineries involved in active 
forks and cannot purify the complete machinery present at the replication fork and its 
vicinity unless using multiple protein baits. In the second approach, DNA is the bait and 
these techniques are able to monitor spatiotemporally the protein dynamics at the 
replication fork by purifying proteins associated with newly synthesized DNA and the ones 
associated with the bulk of chromatin in pulse chase experiments [5,29,30]. Examples of 
the second approach include a technology called nascent chromatin capture (NCC) and 
isolation of proteins on nascent DNA (iPOND). NCC allows to profile the chromatin 
dynamics during replication by labeling with biotin-dUTP nascent DNA and performing 
affinity purification coupled with quantitative proteomics. In NCC, biotin-dUTP cannot be 
incorporated into intact cells. Therefore, cells have to be permeabilized by exposing them 
to a short hypotonic shift that will not affect S phase progression or trigger a DNA damage 
response [5,31]. Using NCC, a recent study determined that in nascent chromatin new 
histones were exclusively unmethylated at H4K20. This indicates that H4K20me0 is a 
signature of post-replicative chromatin [32]. In iPOND newly replicated DNA is labeled 
with the thymidine analog 5-ethynyl-2′-deoxyuridine (EdU) [33]. One of the advantages of 
EdU labeling is that it does not require sample fixation or DNA denaturation [33]. EdU 
contains an alkyne functional group that enables the cycloaddition of a biotin azide. This 
click chemistry reaction [34] yields a stable covalent linkage, facilitating streptavidin 
capture of cross-linked biotinylated DNA-protein complexes [29] (see below). 
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2.1.5 Isolation of Proteins on nascent DNA (iPOND) 
The iPOND technology was developed with the aim to provide site-specific 
analysis of replisomes by the identification of proteins associated with replication forks 
and to determine how these factors are coordinated at the replication site to maintain 
genome integrity [35]. This technology has been used to track protein recruitment to active 
and damaged forks, and to monitor chromatin deposition and maturation [36–39]. Different 
methods have been used to assess cell proliferation, including detection of replicating cells 
by immunolabeling methods that use thymidine analogs such as 5-bromo-2′-deoxyuridine 
(BrdU) [40]. However, BrdU detection requires harsh treatment methods to give access to 
anti-BrdU antibody to nucleosides in genomic DNA. These treatments include DNA 
denaturation and hydrolysis with HCl and DNase [41]. The iPOND technology uses EdU 
as the thymidine analog to label newly synthesized DNA. EdU has several advantages 
compared to BrdU. It is a molecule small enough to diffuse freely through DNA and the 
cells are not subjected to harsh denaturation conditions for its detection. EdU has a terminal 
alkyne group that allows its detection when performing a copper catalyzed cycloaddition 
(click chemistry reaction) with a biotin azide. This click chemistry reaction does not require 
a denaturation step and therefore, the material is preserved during the process [33,42]. 
The iPOND procedure has the following key steps: EdU-labeling of nascent DNA, 
formaldehyde cross-linking of DNA-protein complexes, click chemistry, cell lysis, DNA 
sonication, streptavidin capture, protein elution and Mass Spectrometry (MS) analysis.  
The first step in the iPOND procedure is incubating cells with EdU for a short period time 
(between 2-10 min) followed by formaldehyde cross-linking to stop DNA replication and 
cross-link DNA-protein complexes and protein-protein complexes. Next, cells are 
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permeabilized and click chemistry reaction is performed to yield a stable covalent linkage 
between EdU and the biotin azide. The cells are then lysed under denaturation conditions 
followed by a sonication step that generates solubilized DNA-protein. In the streptavidin 
capture step, only those DNA-protein complexes in which DNA is biotin-labeled will be 
purified, and after proteins are eluted from DNA and separated from each other by SDS 
and heat treatment, the samples can be analyzed by MS or immunoblotting [5,29].  There 
are two different negative controls that can be used in iPOND. One negative control is to 
not expose the cells to EdU but instead are treated with only the carrier, DMSO. In the 
other negative control cells are exposed to EdU but the click chemistry reaction cocktail 
lacks biotin-azide. The iPOND procedure can also be applied to distinguish the proteins 
associated with active replisomes from the ones that are part of the bulk of chromatin by 
performing an EdU pulse-thymidine chase experiment. In this manner, iPOND can monitor 
changes in chromatin located at various distances from the replication fork [29,35,36].  
The application of iPOND has identified 290 proteins that are enriched in nascent 
DNA at active, stalled and collapsed replication forks in human cells [35]. Around 84% of 
the identified proteins did not have a known role in DNA replication or damage response 
[35]. This technology was also applied in mouse embryonic stem cells and showed that 
there is a marked enrichment of protein complexes involved in chromatin remodeling and 
modification at the replication fork such as the nucleosomal remodeling and deacetylase 
(NuRD) complex [37].  Recently, iPOND was adapted in vaccinia virus, the prototype 
poxvirus, to identify proteins involved in viral DNA replication [43]. In addition to known 
viral replication proteins, viral DNA-dependent RNA polymerase and transcription 
initiation and elongation factors were identified on nascent DNA. This suggested that there 
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is temporal coupling of DNA replication and transcription at active replication forks in 
poxviruses [43].   
These data highlight the potential of iPOND as a tool to elucidate the complete 
functional replisome by the identification of unknown factors that are present at active 
replication forks and chromatin maturation. T. brucei proteins are extremely divergent in 
sequence and it is very likely that many replication proteins remain to be identified. To 
study DNA replication dynamics in the human pathogen Trypanosoma brucei, we have 
optimized the iPOND technique for the first time in a parasitic system using an ORC1PTP 
single expresser cell line. Here we describe the aspects of T. brucei biology that were 
needed to be considered for making accurate modifications to the original iPOND protocol. 
We include the evidence that the key steps of the iPOND procedure were optimized in 
order to purify DNA replication factors from the parasite such that the final elution was 
suitable for a meaningful MS analysis.  
 
2.2 Materials and methods 
2.2.1 ORC1PTP Single expresser cell line (Generated by Anthula Vandoros) 
The PTP coding sequence [44] was inserted into the endogenous ORC1 allele by 
transfecting the parasites with the pORC1-PTP-NEO plasmid. This construct was 
generated by amplifying the C-terminal end of ORC1 using primers containing ApaI and 
EagI restrictions sites. The final construct was sent for sequencing. The procyclic T. brucei 
Lister 427 strain was transfected with SalI-linearized pORC1-PTP-NEO plasmid by 
electroporation. Initial selection of a stable population was done in SDM-79 media 
containing 50 µg/ml of G418. After performing limited dilution as described previously 
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[45], a clonal cell line, PIG5, was selected by verifying PTP expression by western blot 
and chromosomal integration via PCR and Southern blot. TbORC1PTP/WT PIG5 was 
transfected using the pKOORC1Hyg plasmid (gift from Dr. Bibo Li Lab) digested with ApaI 
and NotI. Selection of a stable population was done using SDM-79 media supplemented 
with 50 µg/ml of G418 and 50 µg/ml of Hygromycin. Limited dilution was performed 
again and final clonal cell line (TbORC1PTP/KO P2C2) was verified by western blot for PTP 
expression. Chromosomal integration of the PTP tag allele and KO allele was checked by 
Southern blot. TbORC1PTP/KO P2C2 cell line (TbORC1PTP) was functional by having a 
double time similar to wild-type cells of approximately 10 hours.  
 
2.2.2 T. brucei iPOND EdU pulse and Negative controls 
A total of 3 x1010 cells were labeled with 150 𝜇M EdU (Santa Cruz) for 10 min. 
Cells were pelleted at 3000 x g for 7 min, the supernatant was discarded and the cell pellet 
was resuspended to a cell density of approximately 7.5 x 108 cells/mL in SDM 079 medium 
containing 1.1% formaldehyde and incubated for 20 min at room temperature (RT) to 
cross-link DNA-protein complexes. The reaction was quenched by adding 2M glycine to a 
final concentration of 0.125 M and incubated for 5 min at RT.  Fixed samples were washed 
three times with cold 1X PBS for 7 min each at 1250 x g, and frozen at -80°C. Cell pellets 
were thawed on ice for 30 min followed by homogenization in 0.25% Triton-X 100 
(permeabilization buffer), using a douncer until no cell clumps were visible. Solubilized 
sample was incubated for 30 min at RT with a cell density of 1 x 109 cells/mL at 112 rpm. 
After 2 washes, one in 0.5% BSA 1X PBS, the other one in 1X PBS, the click chemistry 
cocktail (0.2M biotin-azide, 50 mM sodium ascorbate and 10 mM of CuSO4) was prepared 
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and used to resuspend the cells using a vortex. Cells were incubated in the click chemistry 
cocktail for 2 hours at RT and using a rotator. Cells were then washed once with 0.5% BSA 
1X PBS buffer and a second time with 1X PBS buffer. For cell lysis, the suspension was 
homogenized 30 times with a douncer and treated with 0.1% NP40 in SME buffer (0.25M 
sucrose, 10mM MOPS pH 7.2, 2mM EDTA, 1mM PMSF, and 1µg/ml leupeptin and one 
tablet of cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)) for 1 hour on ice with 
shaking. This was followed by nitrogen cavitation at 2250 psi (equilibration time of 20 min 
using SME buffer with 0.1% SDS). If necessary, this step was repeated until 85% -99% 
lysis (via microscopy) was achieved using psi to 1500 and 10 min of equilibration time. 
Differential centrifugation was applied to enrich nuclear fraction at 1250 x g for 10 min. 
Nuclear fraction was washed once with SME buffer with no additives and a second time 
with PBS. Nuclear fraction or pellet was then resuspended and homogenize in sonication 
buffer (0.7% wt/vol SDS in 50 mM Tris pH 8.0, 1 µg/ml leupeptin and one tablet of 
cOmplete EDTA-free Protease Inhibitor Cocktail (Roche)). This nuclear suspension was 
sonicated 5X (10 min 30s ON/OFF) using the Bioruptor UCD-200 (Diagenode). To remove 
debris, the sonicated sample was centrifuged at 16000 x g for 10 min. Streptavidin agarose 
beads were equilibrated by washing twice the beads (250 µl beads slurry) with Sonication 
buffer and one time with 1XPBS containing protease inhibitor. Beads were resuspended in 
1:1 volume of PBS until added to the sonicated suspension (input). To capture the 
biotinylated DNA-protein complexes, the input was applied to the beads and incubated 
O/N at 4°C using a rotator. Streptavidin-agarose beads with captured DNA-protein were 
pelleted or 3 min at 3500 rpm RT and washed first with streptavidin wash buffer (2% wt/vol 
SDS in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl) followed with a 1M NaCl wash and 
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finally by repeating two washes with streptavidin wash buffer. Each washing step included 
5 min of rotation and a centrifugation step of 1 min at 1800 x g at RT. Tubes were changed 
between washes. Proteins were eluted by heating the beads at 95°C for 25 min in 2X SDS 
Laemmli buffer supplemented with 5% BME. Protein samples were used for MS and 
western blot analysis. Two negative controls were used to discriminate background, one is 
DMSO control where the cells were not exposed with EdU, and the second negative control 
is the No Click Chemistry control where the click chemistry cocktail lacks biotin-azide. 
Three biological replicates were done for each condition  
 
2.2.3 T. brucei iPOND Pulse-Chase experiments (Performed by Dr. Michele Klingbeil 
and Yahaira Bermudez) 
A total of 3 x 1010 cells was pulsed with 150 𝜇M EdU for 10 min and immediately 
centrifuged at 3000 x g for 7 min at RT. All media left that contained EdU was siphon off 
using an aspirator. Cells were resuspended in new media containing 150µM Thymidine 
and incubated for 10 min. the remaining steps such as formaldehyde cross-linking, 
permeabilization, click chemistry, cell lysis, sonication, streptavidin capture and protein 
elution were performed as described above. 
 
2.2.4 Cross-Link Reversal and DNA fragmentation analysis 
To reverse the cross-links, the input fraction from each iPOND condition were 
treated with a final concentration of 0.2M of NaCl and incubated O/N at 64°C. DNA 
samples were treated with RNase for 30 min at 37°C followed by Proteinase K (Ambion) 
treatment for 2 hours at 45°C. DNA was concentrated by performing a Phenol/Chloroform 
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extraction followed by Ethanol precipitation. DNA was quantified using a nanodrop 800 
(Thermo Scientific). To visualize the DNA fragments, a 100 ng of DNA was loaded in a 
1.5% Agarose gel and ran for 2 hours at 75 V. 
 
2.2.5 Dot blot Click Chemistry efficiency test 
Serially diluted biotinylated tubulin primers ranging from 0.25 pmol to 16 pmol 
served as the standard. Input fractions from each iPOND condition were quantified by 
nanodrop. Biotinylated oligo DNA and input fraction DNA (2 µg per replicate) were 
treated with 1 M NaOH, heated at 55°C (30 min) followed by addition of 2 M of ammonium 
acetate. Subsequently, samples and biotinylated standards are ready to be spotted onto a 
nylon membrane (GE healthcare science). Biotinylated standards were spotted in triplicate 
and the sonicated samples were spotted in duplicate. Membrane was air dried and UV 
cross-linked for 7 min using a UV Stratalinker 1800 (Stratagene). Membrane was 
immediately placed in blocking solution (20% non-fat milk) for 2 hours at 37˚C. Membrane 
was then rinsed three times in 0.1% PBST and incubated with Avidin-HRP (1:3000, Life 
Technologies) for 30 min at 37 ˚C followed by 3 washes in 0.1 % PBST for 15 min. 
ImageQuant LAS 4000 mini (GE healthcare science) was used for detection and data were 
quantified using ImageJ. 
 
2.2.6 EdU and PTP Immunofluorescence  
TbORC1PTP cell line was labeled with 150𝜇M of EdU for 10 min. Cells were 
harvested for 5 min at 1,000 × g, washed with 1XPBS and adhered to poly-L-Lysine-coated 
slides. Cells were then fixed in 3% PFA for 5 min and washed three times (5 min each) in 
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1XPBS containing 0.1 M glycine (pH 7.4) followed by permeabilization with 0.1% Triton 
for 5 min and washed three times in 1XPBS. Click chemistry was performed the Picolyl 
Azide Toolkit (Life Technologies) manufacture´s recommendations. The click chemistry 
reaction was incubated for 1 hour at RT followed by three washes of 5 min in 1XPBS. 
DNA was stained with 3 µg/ml 4′-6′-diamidino-2-phenylindole (DAPI), and slides were 
washed 3 times in PBS prior to mounting in Vectashield (Vector Laboratories). 
 
2.2.7 Western blot 
For Histone 3 (H3) and for mono-, di- and trimethylated H3 at lysine 76 (H3K76) 
detection, samples were run on a SDS-PAGE and transfer O/N at 85 mAmp. Blocking was 
done in 3% non-fat milk in 1XPBS for two hours for H3 and for the H3K76me1, 
H3K76me2 and H3K76me3 blocking solution was 3% of BSA in 1XPSB.  The membrane 
was probe against Histone 3, H3K76me1, H3K76me2 and H3K76me3 using the respective 
polyclonal antibodies that were kindly provided by Christian Janzen. For H3 the rabbit 
antiserum was diluted 1:50000 in 0.3% blocking solution, for H3K76me1 1:300, 
H3K76me2 1:1500 and H3K76me3 1:3000. Membrane was incubated for 2 hours. After 
three washes with 1X TBS with 0.1% tween 20, the blot was incubated with HRP anti-
rabbit secondary antibody (1:5000) for 1 hour in 0.3% blocking solution. Blot was washed 
three times with 1X TBS with 0.1% tween 20. 
ORC1PTP tagged protein was detected using Peroxidase-Anti-Peroxidase (PAP) 
(1:2000) for PTP detection.  For Hsp70 detection the blot was probed against Crithidia 
fasciculata specific Hsp70 antibody (1:10000) followed by secondary chicken anti-rabbit 
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antibody (1:2000). Detection was observed by ImageQuant LAS 4000 mini (GE healthcare 
science). 
 
2.3. Results  
2.3.1 Biological aspects of T. brucei for iPOND optimization 
To purify proteins that associate with nascent DNA in T. brucei, we adapted the 
original iPOND method developed in the laboratory of Dr. David Cortez (Vanderbilt 
University) [36]. A major limitation of iPOND is the large amount of starting material 
needed to recover enough protein for proteomic analysis. Therefore, several aspects of 
trypanosome biology were considered when calculating the amount of starting material 
needed for efficient purification. These biological aspects included T. brucei genome size 
26 Mbp [46], the time of S phase (90 min) [47], the percentage of cells that are in S phase 
in an unsynchronized population (20%-30%) [48], and the DNA replication rate which is 
3.7 kb/min in T. brucei procyclic form (PFC) (Table 2.1). Using this information, we 
modified several steps of the iPOND original procedure [35] including the total number of 
cells labeled with EdU, EdU concentration, biotin azide concentration, lysis conditions, 
sonication conditions for DNA fragmentation and streptavidin capture conditions (Fig. 
2.1). All these modifications were with the purpose to label approximately 28 µg of DNA 
in a 10 min pulse. This amount of EdU-labeled DNA was achieved in iPOND procedures 
performed in a mammalian system using a total of 1.6 x 109 cells. In T. brucei iPOND, 3 x 
1010 of TbORC1PTP PCF cells were needed to obtained that amount (Table 2.1). 
Additionally, compared to the mammalian system where 10 µM of EdU was used to label 
DNA, T. brucei PCF required 150 µM of EdU to its incorporation in a 10 min pulse (Fig. 
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2.2A). T. brucei required 15 times more of EdU because it lacks high affinity transporters 
for thymidine [49]. The high EdU concentration in our study is in accordance with other T. 
brucei labeling studies in which 100-300 µM EdU was applied for 1 hr to uniformly label 
the nucleus for studies on PCNA [50,51]. Our conditions to label DNA in a 10 min pulse 
we were able to observe discrete spots that likely represent DNA replication foci (Fig. 
2.2A). No modifications were needed for the cross-linking step. 
 Due the increment on EdU concentration and to yield an efficient click chemistry 
reaction in T. brucei, we modified the final concentration of biotin azide (200 µM) in the 
reaction cocktail 20 times more compared to the original protocol developed in mammals 
(10 µM), and in this way we are saturating the system so all the EdU molecules available 
will be bound to a biotin-azide. This modified amount of biotin azide was used also in 
iPOND procedures performed in mouse embryonic cells [37]. Cell lysis conditions were 
also modified. Because T. brucei possess a sub-pellicular corset of microtubules [52], the 
parasites were too rigid to lyse after cross-linking with formaldehyde, therefore nitrogen 
cavitation was used together with detergent treatment to open the cells (Fig 2.1). Under 
these conditions, 85%-95% of the cells were lysed. The whole cell extract (WCE) was 
centrifuged and the pellet (P1) fraction was observed under the microscope to confirm 
nuclear integrity and enrichment (Fig 2.2B). At this step, the pellet was ready for 
sonication. All these modifications based on T. brucei biology were essential to make 
iPOND a suitable tool to study DNA replication in parasites. 
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a Human embryonic kidney cells [29]  
b [53] 
c [54] 
d[48] 
e [55] 
f[56] 
g[57] 
 
 
 
 
 
 
Parameter 
Mammalian cells 
(293T) a 
Trypanosoma brucei 
(procyclic form) 
Genome size 3000 Mbb 26 Mb 
% of cells in S phase 50%c 20%-30%d 
Replication time 480 mine 90 min 
Replication rate 1.5 kb/minf 3.7 kb/min 
~Kbp labeled in 10 min 15 37 
Estimate firing forks 2138g 78h 
Kbp labeled/fork 32070 2886 
Number of cells 1.6 x 109 3 x 1010 
Cells in S phase 8 x 108 7.5 x 109 
Total labeled kbp 2.56 x 1013 2.16 x 1013 
Total 𝝻g labeled DNA 28.1 𝝻g 23.7 𝝻g 
Total 𝝻g of DNA 5399.1 854.6 
% DNA labeled 0.52% 2.77% 
Table 2.1 Comparison of DNA replication parameters between mammalian 
cells and T. brucei for iPOND optimization 
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Figure 2.1 - Schematic overview of modified iPOND procedure for T. brucei 
 
 
 
 
 
. 
DNA fragmentation: 5X (10 min 30 sec
ON
/ 30 sec
OFF
) 
(Original: 1X (5 min 20 sec
ON
/ 40 sec
OFF
) 
iPOND in T. brucei 
Formaldehyde Cross-linking  
Click Chemistry: 200 𝛍M Biotin Azide (Original, 10 𝛍M) 
Cell lysis: NP- 40 + N2 Cavitation (Original, SDS) 
Streptavidin capture 
Protein elution 
150 𝛍M EdU pulse for 10 min (Original, 10 𝛍M )   
In red the modifications that were implemented in several steps of the iPOND 
procedure compared to the original method performed in mammalian cells. The 
iPOND procedure consist in labeling nascent DNA in vivo using EdU (green), 
cross-linking DNA protein complexes with formaldehyde, a click chemistry 
reaction that covantly links EdU-labeled DNA with biotin azide (stars), lysing 
the cells and fragmenting DNA by sonication, capturing DNA-protein complexes 
by streptavidin affinity and protein elution by heat and detergent treatment.  
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Figure 2.2 - EdU incorporation on nascent DNA and Nuclear enrichment 
A) Cells were EdU-labeled with 150 𝜇M Edu (for 10 min). DNA is stained 
with DAPI. Size bar is 5 𝛍m B) Upper panel. Schematic representation of the 
cell lysis and differential centrifugation. Lower panel. Microscopy showing 
enrichment of nuclear fraction in the pellet. Integrity of the nucleus is 
maintained after cell lysis. Size bar is 6 𝛍m 
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2.3.2. Verification and Validation of T. brucei iPOND procedure 
To validate our iPOND procedure with its modification, we performed iPOND in 
four different conditions, two negative controls and two experimental conditions. The two 
negative controls are called DMSO (D) and No Click (C-). The D negative control consists 
of cells that were not EdU labeled and only were exposed with the carrier, DMSO, but the 
click chemistry cocktail had biotin azide. The C- control consists of cells that were EdU 
labeled but the click chemistry reaction did not have the biotin azide.  One experimental 
condition is exposing the cells for a 10 min EdU pulse (E), while the other condition is a 
10 min EdU pulse followed by a 60 min thymidine chase, (ThD chase, T). All these 
conditions were tested by dot blotting for click chemistry efficiency, DNA fragmentation, 
western blotting for detection of markers and MS analysis (see chapter 3) 
The iPOND technology relies on click chemistry, which is a copper-catalyzed 
reaction that allows the cycloaddition of an alkyne functional group (present in EdU) to an 
azide (conjugated in biotin) yielding a stable covalent bond. To evaluate if our modification 
in the click chemistry reaction cocktail allowed detection of biotinylated DNA in our 
samples we performed dot blotting with a standard curve of biotinylated tubulin oligomers 
and with the sonicated or input fraction from the different four iPOND conditions (Fig 
2.3A). The standard curve consisted of biotinylated tubulin primers ranging from 0.25 pmol 
to 16 pmol that were used to the estimate amount of biotinylated DNA following click 
chemistry. To test the four conditions, approximately 2 𝛍g	of	reversed	cross-linked	DNA	from	the input fraction from each condition (D, C-, E and T) were spotted on a membrane 
and probed against biotinylation (Fig 2.3B, Left panel; Fig 2.3C). Both negative controls 
have no detection. Detection of biotinylated DNA was observed in the EdU pulse sample 
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and using the standard curve, the detection signal corresponded to 1.76 pmoles (~0.12µg 
of DNA) of biotinylated DNA from the 2 µg of DNA that were spotted (Fig. 2.3B, Right 
panel). For the standard curve, we did not consider the 16 pmol intensity since it was 
oversaturated. Biotinylated DNA was also present in our EdU pulse-Thymidine chase 
experiment (T) (Fig. 2.3C).  
Prior to the sonication step, we probed the pellet (P1) and supernatant (S) fraction 
(Fig. 2.3A) against our nuclear marker Occ1PTP and mitochondrial marker Hsp70. 
ORC1PTP was only detected in the pellet fraction were the nucleus is enriched (Fig 2.4A). 
The pellet fraction was sonicated and yielded DNA fragments between 50-200 bp (Fig 
2.4B), facilitating the capture of DNA-protein complexes by streptavidin beads. 
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A) Schematic representation of the different fractions used to track iPOND 
optimization. B) Quantification of biotinylated DNA in four iPOND conditions. 
Left panel, Dot blot to measure biotin incorporation in sonicated samples (input) 
from negative controls (DMSO; D and Click-; C-), ThD chase (T), and EdU (E) 
pulse samples. Right panel. Standards (blue circles) and EdU sample (red 
square) were plotted. An estimate of 1.67 pmoles of biotinylated DNA is 
obtained in the E sample. C) Detection of biotinylated DNA from EdU pulse (E) 
and ThD chase sample (T). Standard curve was included. 
Figure 2.3 - Biotin detection after Click Chemistry reaction   
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A) Differential centrifugation separated the nuclear fraction (P1) from 
mitochondria and cell debris (S). Enrichment of nucleus was determined by 
western blot probing against ORC1PTP and mitochondrial Hsp70. B) A total 5 
cycles of sonication yielded DNA fragments between 50 bp to 200 bp, 100 bp 
fragments are enriched in all iPOND conditions. DMSO (D), Click- (C-), ThD 
chase (T), and EdU pulse (E)  
Figure 2.4 - Nuclear marker enrichment in pellet fraction and DNA 
fragmentation analysis 
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2.3.3 Final eluate analysis.  
To differentiate between proteins associated with nascent DNA, such as DNA 
polymerase α and the bulk of chromatin, such as modified histones, we compared iPOND 
from a 10 min EdU pulse with iPOND from a 10 min EdU pulse followed by a 60 min ThD 
chase. The short pulse should restrict DNA labeling to the vicinity of the replication fork, 
while during the ThD chase labeled DNA should have moved away from the fork and 
undergone chromatin deposition and remodeling. Histone deposition (without 
modification) is coupled with DNA replication, although the precise timing of deposition 
is still debated [58,59].  
Final eluates from our negative controls (D and C-), EdU pulse (E) and ThD chase 
(T) (Fig 2.5A) were analyzed by western blot prior to MS analysis by detection of T. brucei 
histone 3 (H3) and for 1, 2 and 3 methylated groups in H3 at lysine 76 (H3K76me1, 
H3K76me2 and H3K76me3, respectively) (Fig 2.5B). There is a subtle detection H3 in the 
EdU sample while its signal increases in the ThD chase sample (Fig 2.5B and C). 
Methylated H3 are mainly detected in the chase sample (Fig 2.5B and C). For some EdU 
samples minor amounts of H3K76me1 can be detected (Fig 2.5B), however methylated H3 
was rarely detected in the EdU samples (Fig 2.5C). Band intensity quantification was done 
using ImageJ [60].  All pixel intensity values were background subtracted and normalized 
based on cell equivalents loaded. Percentage of recovery is calculated using the average 
signal intensity detected in both Western blots. Quantification of band intensities revealed 
a 1.5% recovery of total H3 signal in the EdU elution compared to its input signal (Table 
2.2). In contrast, 13% of the H3 signal is recovered in the chase elution compared to the 
input (Table 2.2). Additionally, the H3K76 methylation variants are enriched in the chase 
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sample with an average of 8.5% recovery (Table 2.2). H3K76me3 is undetectable in the 
EdU pulse sample even when increased cell equivalents were loaded and longer exposures 
analyzed (Fig 2.5C). The average percentage of recovery for H3K76me1 in the EdU sample 
was of 0.14% (Table 2.2).  In previous studies, immunofluorescence localization of 
H3K76me1 and H5K76me2 indicated that these modified histones are not detected in S 
phase cells showing a different pattern when compared to PCNA, a DNA replication 
marker [61]. Additionally, H3K76me2 is detected mainly during mitosis and cytokinesis 
suggesting that this histone modification is a mitosis marker in T. brucei. H3K76me3 mark 
is present  at all cell cycle stages [62]. This observation agrees with our results in regards 
to mono- and di-methylated H3K76, where the H3K76me1 detection was minor and 
variable between EdU pulse samples (Fig 2.5B and C). Even though that H3K76me3 was 
detected in all stages of the cell cycle, its deposition may not occur in newly synthesized 
DNA, and therefore we could not detect it in our EdU pulse (E) elution sample (Fig 2.5B). 
In another study, it was observed that acetylation of Histone 4 lysine 4 (H4K4) is cell cycle 
regulated. In cells at S phase, unmodified H4K4 is strongly enriched [63], supporting the 
observation that deposition of unmodified histones is occurring in newly synthesized DNA, 
and that histone modification such as methylation or acetylation occurs later in the cell 
cycle of T. brucei. Based on these results, it appeared that the differences between the EdU 
and ThD chase iPOND samples likely represent early replicating conditions for the short 
pulse and matured chromatin for the chase conditions and, therefore, were suitable for 
proteomic analyses (see Chapter 3) 
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A) Schematic representation of the fractions used to probe against DNA-binding 
protein markers. B) and C) Detection of Histone 3 (H3) and methylated H3 in 
four iPOND conditions. H3 was used as a DNA-bound protein marker. The input 
(In) and the final elution (Elu) were probed against H3 and one, two and three 
methylation groups present H3 Lysine 76 (H3K76met) in the four iPOND 
conditions.  
Figure 2.5 - Detection of H3 and modified H3 in final elutions 
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ThD chase Blot 
Fraction Input Elution Normalized Elution % of Recovery 
H3 23327.9 13972.2 3037.4 13.0 
H3K76me1 20570.5 10560.0 2295.7 11.2 
H3K76me2 20910.6 6737.3 1464.6 7.0 
H3K76me3 19765.2 6809.1 1480.2 7.5 
EdU pulse Blot 
Fraction Input Elution Normalized Elution % of Recovery 
H3 21809.8 2415.4 322.1 1.5 
H3K76me1 23503.2 238.5 31.8 0.14 
H3K76me2 17049.5 0.0 0.0 0.0 
H3K76me3 16886.1 0.0 0.0 0.0 
Table 2.2. Quantification of H3 and H3K76me signal in ThD chase and EdU 
pulse samples  
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2.4 Discussion 
Sequencing of the T. brucei genome in 2005 [46] initiated the search for proteins 
homologs involved in DNA replication in this human pathogen. The result of this quest 
was that some of the key components of eukaryotic DNA replication are highly divergent 
when compared to their eukaryotic homologs while others appear to be absent. For 
example, the architecture of the origin of recognition complex in T. brucei lacks 4 subunits 
and instead, appears to include trypanosome specific factors [64,65].  These differences 
opened the possibility that DNA replication in kinetoplastids can be used as a therapeutic 
target to treat kinetoplastid related diseases such as Human African Trypanosomiasis, 
Chagas diseases and Leishmaniasis [66]. Therefore, several studies have focused on gene 
by gene investigations to understand the mechanism of DNA replication in these parasites. 
To date, the ORC complex [64,65,67], the MCM complex and the GINS complex [68] 
have been characterized in T. brucei as factors involved in DNA replication initiation. 
These investigations have shown these factors are also regulated differently in 
kinetoplastids compared to what is observed in other model eukaryotes. For example, 
Cdc45 which plays a crucial role in DNA replication initiation by loading the replicative 
DNA polymerase a and DNA polymerase e to the onto replication origins [69,70], is 
regulated differently in trypanosomes by displaying dynamic localization throughout the 
cell cycle [68] instead of being degraded by ubiquitination as occurs in human cells [71].  
Recently, genome wide studies determined that replication origins and ORC1 
binding sites localize at the boundaries of the polycistronic transcription units in T. brucei 
[72].  This suggested a functional overlap between replication and transcription in this 
parasite.  Another study using single molecule analysis of DNA replication in T. brucei 
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provided information related to the replication rate in the two proliferative forms of the 
parasite, the procyclic form (3,7 kbp/min) and the blood stream form (4.4 kbp/min) (PCF 
and BSF, respectively) [73]. In Leishmania, two different studies investigated DNA 
replication using MFAseq and DNA combing. Both studies highlighted that this parasite 
has few origins compared to other eukaryotes and suggested that origin firing may proceed 
mainly in a stochastic manner [74–76]. Even though that these techniques and 
investigations have contributed greatly to the understating of DNA replication in 
trypanosomes, the repertoire of the trypanosome replication machinery has not been 
analyzed comprehensively, and questions in regards to the functional coordination and 
interplay between replication and transcription remain open. 
For this reason, we considered that iPOND could contribute to the identification of 
factors that are at the replication fork and in its vicinity. Here we provided data that this 
technique was successfully optimized for T. brucei with great potential to not only solve 
questions of DNA replication but also elucidate DNA repair and restart, and the process 
chromatin maturation in this parasite. The resolution of iPOND relies mostly in the length 
of the EdU pulse and the rate of DNA synthesis. These two parameters define the total 
amount of EdU-labeled DNA. In T. brucei iPOND, 3 x 1010 cells were needed to label 
almost the same amount of DNA that was obtained in mammalian iPOND. With this 
number of cells, we were expecting to labeled approximately 28 µg of DNA. Based on our 
results from the dot blot analysis, we could estimate how much DNA was biotinylated in 
3 x 1010 cells. Our calculation indicates that approximately 1.8 µg of DNA was 
biotinylated. This represents around 6% of the expected 30 µg of labeled DNA. Despite 
this low percentage of biotinylated DNA, we were able to purify DNA-binding proteins 
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such as H3 in our EdU pulse and ThD chase sample. This protein was not detected in our 
negative controls. Based on our western blot results, we concluded that our samples were 
ready for MS analysis to identify proteins associated with the replication fork.  
 To validate our iPOND procedure, we used histone 3 and its methylated status as 
markers of DNA replication, and to monitor DNA associated proteins that are at a greater 
distance from the replication fork. Histones and their post-translational modification were 
used in previous iPOND studies together with other markers such as PCNA, CAF1 and 
RPA [35–37]. For example, using iPOND was observed that maturation of new chromatin 
requires the addition and removal of histone post-translational modifications. In this study 
methylation of H4K20 progressively increased as the newly synthesized DNA moves away 
from the active replication fork, while acetylation H4K5 detection decreased [35]. In 
embryonic cells, this pattern is also observed, where a deacetylation and methylation are 
makers of chromatin maturation [37]. Our results also indicated that methylation of H3 is 
not present at nascent DNA since it was not detected in the 10 min EdU pulse, but instead, 
it is associated with recently synthesized DNA that is in a greater distance from the 
replication fork, as it is observed in our ThD chase experiment.  
Some modifications may further improve iPOND in trypanosomes. For example, 
instead of using streptavidin agarose beads, superparamagnetic beads can be used. An 
iPOND procedure applied in embryonic cells compared streptavidin-agarose beads with 
streptavidin-superparamagnetic beads, and the latter reduced non-specific interactions and 
increased the percentage of recovery of PCNA [37]. Therefore, superparamagnetic beads 
could also enhance the percentage of recovery in T. brucei iPOND. Improving the uptake 
of EdU in the parasite could also reduce the time of EdU labeling which determines the 
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length of DNA labeled. If we could reduce the EdU pulse to 5 min, 18.5 kbp will be labeled 
which is similar to what was labeled in mammalians cells (15 kbp) in a 10 min pulse. To 
achieve this, the parasites could be engineered such they express high affinity transporters 
for thymidine analogues, which will accelerate EdU uptake and its phosphorylation before 
incorporation into DNA. Another strategy to improve iPOND is to synchronize the cells in 
S phase for the EdU pulse. A recent study has applied centrifugal-counter flow elutriation 
to synchronize T. brucei PCF and BSF parasites. Parasites at the G1 cell cycle state were 
isolated and without impacting the viability and proliferation [77]. By applying this 
technique, we would be able to label a complete population that is in S phase and purify a 
larger amount of proteins associated with DNA replication. 
Even though that we could assume that the DNA replication machinery between 
PCF and BSF is not that different, it would be interesting to applied iPOND in BSF 
parasites to define the role that this cellular process has in VSG antigenic variation by 
directing locus-specific recombination (52,53).  
In conclusion, there is a lot of potential of the iPOND technique in the parasitology 
field to help solve questions about the different mechanisms that kinetoplastids have to 
replicate their DNA. Coupling iPOND with MS analysis can identify new players and 
provide a global view of the choreography of the factors present at the replication fork. 
Essential kinetoplastid-specific factors could represent a pocketful of candidates to treat 
diseases associated with T. brucei and other kinetoplastids.  
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CHAPTER 3 
iPOND-LABEL-FREE MS ANALYSIS AND INITIAL CANDIDATE STUDIES  
 
3.1 Introduction 
3.1.1 iPOND combined with MS analysis 
The iPOND methodology has been combined with different types of MS analysis 
to identify the replication fork proteome. It can be divided in two main groups: One is using 
label-free quantification [1], and the other is using chemical labeling methods such as 
iTRAQ (isobaric tags for relative and absolute quantification) [2,3] or SILAC (Stable 
isotope labeling with amino acids in cell culture) [4]. Label-free quantification compares 
datasets that are generated independently and utilizes the number of peptide spectra for a 
given proteins or measures the intensity of the precursor ion peak to assign an abundance 
value to a protein within the data set. Since the datasets are generated independently, there 
might be variability between replicates of each experiment. In label-free quantification, the 
EdU pulse and chase samples are collected independently and compared after sample 
processing [1]. Two studies have used spectral counts for quantification and estimated 
pulse:chase ratios to distinguish between proteins present at nascent DNA and proteins that 
are part of bulk chromatin in human cells. One study was able to identify 84 proteins that 
are enriched at the replication fork in human cells. The highest GO terms associated with 
this set of proteins was DNA metabolism [5].  In the other study,  key components of the 
replication fork such as RFC, PCNA, DNA polymerases and components of the MCM 
helicase complex displayed high fold enrichments when over the chase sample, indicating 
that these components were specifically associated with nascent DNA; they identified 100 
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proteins [6]. A third study used label-free quantification utilizing the peak of the precursor 
ion intensity to measure protein abundance. After performing 6 replicates and comparing 
the pulse:chase ratio, this study was able to identify the bona fide replisome components 
in addition to proteins that have been directly or indirectly associated with replication such 
as the mismatch repair (MMR) protein MSH2. MMR proteins like MSH6 and MSH3 have 
a direct interaction with PCNA, and therefore are required at the replication site. 
Furthermore, this study revealed that proteins involved in SUMOylation were concentrated 
in replisomes [7]. One disadvantage of label-fee quantification is that it can generate high 
false-positive and false negative discovery rates. However, this method can provide a 
starting candidate list of new replication machinery proteins.  
In order to reduce the number of false positive hits in label-free quantification, 
researchers have used chemical labeling methods for MS analysis in iPOND procedures. 
Combining iPOND with SILAC quantification in human cells provided a list of 218 
proteins that are at associated with nascent DNA. Among core replication proteins, fold 
enrichment of the MCM2-7 subunits displayed a low variability with less of a 10% 
difference between replicates. This means that the variability observed in label-free 
quantification is greatly reduced by applying labeling methods. Also, using iPOND-
SILAC, a new subunit (ZNF644) of the G9a/GLP methyltransferase complex was 
identified. ZNF644 travels just behind the replication fork to modify newly deposited 
histones [8]. A second example is using iPOND-iTRAQ [9]. This study used human cells 
to determine how the SUMO-rich (Small Ubiquitin-like Modifier) and ubiquitin-poor 
environment is maintained at sites of DNA replication. In this study, the role and the 
abundance of ubiquitin specific protease (USP) around replisomes was determined using 
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iTRAQ quantification to evaluate their presence in nascent and mature chromatin. 
Different USPs were enriched in the replisome fraction including USP7 which was found 
to be essential for DNA replication. This protein has interaction with subunits of the MCM 
complex and when it was specifically inhibit chemically, there was a loss on EdU 
incorporation in human cells [9].   
Based on these studies, coupling MS analysis with iPOND is a potential tool to 
study DNA replication by defining the replication fork proteome. Label-free MS 
quantification provides a starting list of proteins and a global view of what might be 
occurring at the replication fork. These proteins can be further characterized and studied in 
the context DNA replication. Incorporating SILAC or iTRAQ quantification, improves the 
analysis by reducing variability between the replicates and increasing the confidence of 
identified proteins being part of active replication forks or part of the bulk chromatin. In 
sum, the iPOND-MS approach is likely to increase our knowledge on regulation and 
coordination of DNA and chromatin replication and to provide an opportunity to better 
understand how the DNA and chromatin machineries respond to replication challenges.  
 
3.1.2 DNA and Chromatin Replication  
Eukaryotic genomes are packed into chromatin, where duplex DNA is wrapped 
around a histone octamer and associated with other proteins [10,11]. Accurate transmission 
of genomic information during cell proliferation and maintaining the epigenetic marks 
from one generation to the next are fundamental process in a living cell [12–14]. Chromatin 
is critical to efficient execution of DNA-related processes such as DNA replication, 
transcription, repair and recombination [15].  
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DNA replication and inheritance of genomic histone and its modification state to 
daughter cells are two processes that are linked together. A recent study in yeast showed 
that chromatin plays a key role in origin selection by preventing non-specific loading of 
the MCM helicase complex. Also, histone chaperones and histone acetylation stimulate 
replication by increasing the replication rate in vitro [11].  In addition, there is a dynamic 
mechanism in which histone deposition is coordinated with fork progression to maintain 
genome stability. During DNA duplication, a parental nucleosome is disassembled ahead 
of the replication fork and two new nucleosomes must assemble on the daughter strands 
using new and recycled histones. It was shown in human cells that histone chaperone Asf1 
forms a complex with MCM helicase through histone H3 and histone H4, and when cells 
are depleted of Asf1, DNA unwinding is blocked at replication sites [16]. A final example 
of the relationship between DNA replication and chromatin was reported in a recent study 
in which replication protein A (RPA) bound to free H3 and H4 and promoted DNA-H3-
H4 complexes. RPA can target histone deposition to replication fork and promote 
nucleosome assembly on nascent chromatin [17]. Therefore, it is expected chromatin 
proteins in addition to replication proteins to be present at the replication fork.  
 
3.1.3 DNA replication and Transcription.  
DNA replication and transcription are fundamental cellular processes. DNA 
replication and transcription machineries compete for the same DNA template causing 
collisions. The coordination of these two machineries is extremely important to maintain 
genome stability since collisions can alter fork progression, generate replication stress and 
interfere with the gene transcription program [18]. The cells have acquired different 
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strategies to avoid those collisions or fix any DNA damage upon collision. A study aimed 
to understand the role of RNA polymerase II (RNA pol II) in maintaining genome stability 
by generating different mutants of RNA polymerase II in yeast. Mutants that retained RNA 
pol II at chromatin impaired fork progression and increased the number of recombination 
events, they displayed high levels of DNA damage sensitivity and a strong dependence on 
double-strand break repair pathway for viability. In these mutants, accumulation of Rrm3, 
a factor required for the progression of replication forks when obstacles are present in the 
DNA, occurred in ORFs and in origin of replication sites.  Also, in these mutants Rrm3 
enrichment correlates with gene expression levels. This supports the idea that replication 
obstacles occur preferentially at highly transcribed genes. Therefore, the data suggested 
that RNA pol II can facilitate fork progression and avoid transcription-replication collisions 
by contributing to its own release from the replication site [19].  
The link between replication and transcription can also be observed in different 
genome-wide studies that focused on understanding DNA replication timing and extent of 
transcription. For example, in Drosophila melanogaster this relationship was tested by 
comparing at a genomic scale gene expression status with replication timing of each 
individual gene. The result of that analysis indicated that early replication in S phase 
coincided with a higher likelihood of gene activity [20].  Other examples were found in 
mouse embryonic cells in which origins density correlated with promoter density [21], and 
a similarly in human cells, where activated origins overlapped with transcribed areas of the 
genome [22]. This study suggested that colocalization of DNA replication and transcription 
initiation sites might provide co-linearity to the progression of DNA replication forks and 
transcription complexes to prevent head on collisions and potential collapse of the 
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replication and transcription machineries. Based on these examples, transcription 
machinery can be expected in near distance of the replication fork.  
Here we have analyzed our iPOND samples using label-free quantification MS 
analysis. We generated a starting list of protein candidates that might be present in an 
unperturbed replication fork in T. brucei. We analyzed our two negative controls, DMSO 
(D) and No Click (C-), together with EdU pulse (E) and a ThD chase (T) samples, to 
distinguish proteins that are likely associated with nascent DNA form the ones participating 
in chromatin maturation. We set filtering criteria to remove false positive hits and 
performed a bioinformatic analysis to identify the GO terms associated with our data set. 
We found that other cellular processes are present in coordination with DNA replication in 
T. brucei, including transcription and nucleosome assembly. We also characterized a 
protein annotated as a Replication Factor C subunit (Tb927.10.7990), and a protein of 
unknown function (Tb927.3.5370).  Both proteins retain nuclear localization throughout 
the cell cycle. While Tb927.3.5370 appeared to be a dispensable gene, Tb927.10.7990 
proved to be essential since its silencing caused a growth defect in procyclic cells and 
impaired DNA replication.  
 
3.2 Material and methods 
3.2.1 MS sample preparation and Analysis 
Final elutions from iPOND procedures, including negative controls DMSO (D) and 
No Click (C-), and EdU pulse and thymidine (ThD) chase, were denaturated in SDS-PAGE 
and sent for MS analysis to Keck Biotechnology Center of Yale University. Three 
replicates were analyzed for the EdU pulse condition, two replicates for both negative 
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controls, and one replicate for the ThD chase. At the Keck Biotechnology Center, gel slices 
were chopped into small pieces and washed three times with 1 ml of 50% acetonitrile/50 
mM NH4HCO3 for 15 minutes. After a final wash with 50% acetonitrile/12.5 mM 
NH4HCO3, the gel pieces were dried by speed vacuum. Each sample was resuspended in 
25 mM NH4HCO3 containing 2.5 ng/µl digestion grade trypsin (Promega) using enough 
volume to cover the gel pieces and incubated at 37oC for 14 hours.  After digestion, peptides 
were extracted from the gels with two volumes of 80% acetonitrile, 0.1% formic acid for 
15 minutes, then dried by speed vacuum.  Peptides were dissolved in 30 µl of MS loading 
buffer (2% acetonitrile, 0.2% trifluoroacetic acid), with 5 µl injected for mass spec 
analysis. 
LC-MS/MS acquisition was performed on a Thermo Scientific Q Exactive Plus 
coupled to a Waters nanoAcquity UPLC system. The binary solvent system consisted of 
100% water, 0.1% formic acid (Buffer A) and 100% acetonitrile, 0.1% formic acid (Buffer 
B).  Trapping was done at 5 µl/min, 97% Buffer A for 3 min using a Waters Symmetry® 
C18 180 µm x 20 mm trap column.  Peptide separation was carried out on a ACQUITY 
UPLC PST (BEH) C18 nanoACQUITY Column (1.7 µm, 75 µm x 250 mm) at 37 oC and 
a flow rate of 300 nl/min using the following gradient:  3% buffer B at initial conditions; 
5% B at 1 minute; 30% B at 140 minutes; 50% B at 155 minutes; 90% B at 160-170; and 
back to initial conditions at 171 minutes.  MS scans were acquired in profile mode over the 
300-1,500 m/z range using 1 microscan, 70K resolution, AGC (automated gain control) 
target of 3E6 ions counts, and a full max ion time of 45 ms.  MS/MS were acquired in 
centroid mode using 1 microscan, 17.5K resolution, AGC target of 1E5, full max IT of 100 
ms, 1.7 m/z isolation window, normalized collision energy of 28.  Up to 20 MS/MS were 
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collected per MS scan on species with an intensity threshold of 1E4, charge states 2-6, 
peptide match preferred, and dynamic exclusion set to 20 seconds.  
For database searching, tandem mass spectra were extracted by Proteome 
Discoverer version 2.1.1.21 (ThermoFisher). Charge state deconvolution and deisotoping 
were not performed. Data were searched in-house using the Mascot algorithm (version 
2.6.0) (Matrix Science, London, UK).  Mascot was set up to search a Trypanosoma brucei 
database (version 27, containing Lister strain 427 and TREU927, downloaded from 
http://tritrypdb.org/tritrypdb/).  Search parameters used were trypsin digestion (strict) with 
up to 2 missed cleavages, peptide mass tolerance of 10 ppm, MS/MS fragment tolerance 
of 0.02 Da, and variable modifications of methionine oxidation, propionamide adduct to 
cysteine, and deamidation of asparagine and glutamine. 
Scaffold (version Scaffold_4.8.2, Proteome Software Inc.) was used to validate 
MS/MS based peptide and protein identifications. Peptide identifications were accepted if 
they could be established at greater than 95.0% probability by the Scaffold Local FDR 
algorithm. Protein identifications were accepted if they could be established at greater than 
99.0% probability and contained at least 2 identified peptides. Protein probabilities were 
assigned by the Protein Prophet algorithm [23]. Proteins that contained similar peptides 
and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the 
principles of parsimony. Proteins sharing significant peptide evidence were grouped into 
clusters. 
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3.2.2 iBAQ Analysis 
Protein abundance was estimated using the iBAQ (Intensity-based absolute 
quantification) value of each protein hit in the four different samples in the Scaffold 
program. The iBAQ value is based on the sum of all identified peptides intensities matching 
to a specific protein divided by the number of theoretically peptides observable, yielding 
an accurate proxy of protein level [24]. In order to maximize the likelihood of identifying 
replication-relevant proteins, the mass spectrometric data was analyzed as follows: we only 
considered those proteins which were identified in at least two of the three biological 
replicates in the EdU pulse condition. For these proteins, we calculated the fold change 
(FC) of the EdU sampled over the two negative controls, DMSO (FC EdU/DMSO) and No 
Click Chemistry (FC EdU/C-), using the iBAQ value as a reference. To determine if a 
protein is enriched has to filled the following criteria: 1) the protein had a total FC EdU/ 
C- equal or higher than 10, 2) had a total FC EdU/DMSO ratio equal or higher than 1.5, 
and 3) displayed nuclear localization in a recent nuclear proteome analysis [25]. However, 
the latter analysis did not comprise all known nuclear proteins. Therefore, we considered 
to be nuclear when they exhibited nuclear localization in the trypanosome genome wide 
localization resource [26], or  have a predicted gene ontology (GO) term associated with 
DNA replication, nucleic acid binding or nuclear localization.  
To include proteins in our list that were identified in our nascent DNA analysis but 
absent in either negative control, e.g. obtained an infinite value (INF) for fold change, we 
set the fold change value from INF to the highest fold change value obtained in a particular 
experiment. To estimate a total score in order to rank the protein list the fold change (FC) 
EdU/No click and the FC EdU/DMSO were standardized to a 0-100 scale in each MS 
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replicate. The average from each FC was calculated and the total score was determined by 
adding average FC EdU/No click by average FC EdU/DMSO. Also, the FC EdU/ThD ratio 
was calculated but was not considered in the final score since it has only one replicate, but 
was used to make initial observations of the proteins that might be associated with nascent 
DNA.  
 
3.2.3 Bioinformatic Analysis 
 UniProt IDs of the proteins identified were acquired using the TriTrypDB 
database accession numbers [27] (http://www.tritrypdb.org/). However, each protein did 
not have a UniProt ID. GO term analysis and enrichment was performed using PANTHER 
classification system [28]. The UniProt IDs list was mapped against the Trypanosoma 
brucei reference list in PANTHER version 13.0 (released version 20171205) with the 
following selections: analysis type, overrepresentation test; annotation database, 
PANTHER GO-slim Biological process; and test type, Fisher´s Exact test with False 
discover rate (FDR) < 0.05. The results were sorted by hierarchically order to observe the 
enriched functional classes. Analysis of protein interaction networks was performed using 
STRING database [29]. Only interactions from curated databases and text-mining 
information were considered (confidence interaction score >0.65). The network was 
visualized using Cytoscape version 3.6.0  [30].  
Protein sequences from selected candidates were analyzed using the NCBI 
conserved domain database search (CDD) [31] to identify possible functional domains 
present in proteins of unknown function. Sequences were aligned using Clustal Omega 
with default parameters [32]. Motif search for Tb5370 was performed using the Eukaryotic 
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Linear Motif (ELM) resource for Functional Sites in Proteins [33] with a cutoff for motif 
probability of 100.  
 
3.2.4 Nuclear Localization Criteria 
Proteins were classified according to the following nuclear localization criteria. 1) 
Represents proteins that were isolated in the nuclear proteome study [25] and displayed 
nuclear localization in the TrypTag project [26]; 2) comprises proteins that were isolated 
in the nuclear proteome but were not analyzed in the TrypTag project; 3) denotes  proteins 
with nuclear localization by TrypTag only; 4) comprises proteins that were not identified 
in the nuclear proteome or localized in the nucleus by TrypTag  but have a predicted GO 
term associated with DNA or nuclear localization; and 5) proteins that were tagged in the 
TrypTag project but did not display nuclear localization however, have a predicted GO 
term associated with nucleus or DNA.  
 
 
3.2.5 PTP endogenous tagging for candidates (Construct for Tb7990 was generated 
by Yahaira Bermudez) 
For selected iPOND candidates Tb427.03.5370 (Tb5370) and Tb427.10.7990 
(Tb7990), the C-terminal coding sequence was PCR amplified from T. brucei 427 genomic 
DNA using the primers listed in supplemental Table 1.  Forward primers contained ApaI 
restriction site and reverse primers contained EagI restriction site. The PCR-amplified 
product for Tb5370 (699 bp) was ligated into ApaI and NotI restriction sites of pC-PTP-
NEO and for Tb7990 the PCR-amplified product (498 bp) was ligated into ApaI and NotI 
restriction sites of  pCPTP-PURO [34] to generate the respective iPOND candidate PTP-
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vector. All final constructs were sequenced. For transfection, pTb5370-PTP-NEO was 
linearized using AvaI and pTb7990-PURO with XcmI.  Procyclic T. brucei strain Lister 
427 were transfected with the corresponding linearized plasmid using the Amaxa 
nucleofector 2b (Lonza) [35]. Stable population was first selected using 50 µg/ml of G418 
and 1 µg/ml of puromycin, followed by limited dilution as previously described [36] to 
obtain a clonal cell line. Verification of chromosomal integration was done by PCR and 
PTP expression was confirmed by western blot.  
 
3.2.6 RNAi Constructs (performed by Yahaira Bermudez) 
The pSTL (stem-loop) vector for RNAi interference of each iPOND candidate was 
constructed as previously described using the pLEW 100 and pJM326 plasmids [37]. 
Briefly, for Tb5370 a 542 bp and for Tb7990 a 417 bp fragment from the coding sequence 
was PCR amplified from T. brucei 427 genomic DNA using the corresponding primers 
listed in the supplemental Table 1. These primers had the proper restriction enzyme linkers 
to generate the two fragments for the following cloning steps. The final construct has two 
copies of each candidate fragment in opposite direction and separated by an unrelated 
stuffer region. Final pSTL vector was linearized with EcoRV and transfected into T. brucei 
29-13 cells using Amaxa nucleofector 2b (Lonza) [35]. A stable population was first 
selected using 2.5 µg/ml of phleomycin followed by limited dilution as previously 
described [36] to obtain a clonal cell line.  
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3.2.7 EdU and PTP Immunofluorescence (Performed by Dr. Klingbeil and Yahaira 
Bermudez) 
EdU incorporation for a 10 min pulse was confirmed using the Picolyl azide Toolkit 
(Life Technologies). Cells were labeled with 150 µM EdU for 10 min, immediately 
harvested, washed with ice-cold PBS and adhered to poly-L-lysine coated slides (5 min). 
Cells were then fixed in 3% PFA (5 min, RT), washed in PBS containing 0.1 M glycine 
(pH7.4) three times (5 min, RT), and permeabilized with 0.1% Triton X-100 in PBS (5 
min, RT). After three additional washes with PBS (5 min, RT), Click chemistry was 
performed using the Click-iT Plus Alexa Fluor Picolyl Azide Toolkit (Life Technologies) 
according to manufacturer’s directions. Following click incubation for 1 hour at RT, cells 
were washed three times (5 min, PBS) and processed for immunofluorescence.  Cells were 
incubated with anti-protein A antibody (Sigma) diluted 1:20,000 in PBS/1% BSA for 60 
min, washed three times in PBS/0.1% Tween 20, and incubated with Alexa Fluor 594 goat 
anti-rabbit antibody diluted 1:250 in PBS/1% BSA for 60 min. DNA was stained with 3 
µg/ml 4′-6′-diamidino-2-phenylindole (DAPI), and slides were washed 3 times in PBS 
prior to mounting in Vectashield (Vector Laboratories). Parasites were visualized and 
images captured either with a Nikon Eclipse E600 microscope with a cooled CCD Spot-
digital camera (Diagnostic Instruments) using a 100X Plan Fluo 1.3 (oil) objective or with 
a Nikon N-SIM E superresolution microscope equipped with an RCA-Flash 4.0 sCOS 
camera (Hamamatsu Photonics) and a CFI SR Apochromate TIRF 100X (NA1.49) 
objective. Z-stacks (6 µm, 240 nm thickness) were acquired using the NIS-Elements Ar 
software. Image slices were reconstructed using default software parameters and 3D 
deconvolution using the automatic method in NSIM modality was applied. Images’ 
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brightness and contrast were adjusted using Adobe Photoshop CS4 for presentation in 
figures. 
 
3.2.8 EdU labeling Quantification (Performed by Dr. Klingbeil and Maria Rocha 
Granados) and Tb7990 microscopy analysis 
Cells were incubated with 150 µM EdU for 30 min, immediately harvested and 
processed as described above for EdU immunofluorescence. Cells were then incubated 
with rat monoclonal antibody YL1/2 (Abcam) (60 min, 1:500 in PBS + 1% BSA) for basal 
body staining, washed three times in PBS + 0.1% Tween 20 and then incubated with Alexa 
Fluor 594 goat anti-rat and stained with DAPI.  
For EdU fluorescence intensity quantification, only EdU positive cells were 
captured using the Nikon E600/Spot digital camera system. Non-saturating exposure times 
were used and non-adjusted images were analyzed using CellProfiler 3.0.0 [38] to measure 
EdU pixel intensity. Images were segmented with a DAPI signal to generate masks 
matching cell nuclei from which the mean EdU signal was calculated. A minimum of 220 
EdU positive (EdU+) cells were analyzed from each time point.  Data were represented 
using Prism 7 (GraphPad). 
 
3.2.9 Conserved domain Analysis and Protein alignment  
Protein sequence from selected candidates were analyzed using the NCBI 
conserved domain database search  (CDD) [31] to look for domains present in our 
candidates. Eukaryotic Linear Motif (ELM) resource for Functional Sites in Proteins [33] 
was used to search motif in Tb5370. Both alignments were done using Clustal Omega 
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server [32]. For protein alignment for Tb5370, the following sequences were aligned: T. 
brucei (Tb, Tb927.03.5370), Trypanosoma cruzi (Tc, TcCLB.508409.180), Leishmania 
braziliensis (Lb, LbrM.29.0530), Crithidia fasciculata (Cf, CFAC1_100024000), 
Leptomonas seymouri (Ls, Lsey_0584_0010), Bodo saltans (Bs, 
CUG89542.1), Phytomonas sp. (CCW59550).  Motifs were identified using ELM.  
 
For Tb7990 alignment analysis, the following sequences were used: Trypanosoma 
brucei Tb7990 (Tb, Tb927.10.7990), Leishmania major (Lm, LmjF.36.6710), 
Trypanosoma cruzi (Tc, TcCLB.506247.270), Chrithidia fasciculata (Cf, 
CFAC1_280077100), Homo sapiens (Hs, AAV38474), Saccharomyces cerevisiae (Sc, 
NP_009644) and Xenopus tropicalis (XP_002934079) 
 
3.3 Results 
Our goal was to apply a stringent analysis to identify the proteins at the replication 
fork and its vicinity with few false positives. For that purpose, our filtering criteria was 
based on the following: Proteins should i) be identified in at least two of the EdU pulse 
replicates, ii) have a FC EdU/C- equal or above 10 and a FC EdU/DMSO equal or above 
1.5, iii) should have been identified in the nuclear proteome analysis and/or displayed 
nuclear localization in the TrypTag project and/or a GO term associated with DNA. Based 
on these criteria, we identified and enriched a total of 410 proteins, where 99 are proteins 
of unknown function that currently are annotated as hypothetical proteins (Supplemental 
Table 1). Standard contaminants of proteomic analyses in trypanosomes such as ribosomal 
proteins, chaperones and retrotransposon-encoded proteins were eliminated [39]. Gene 
Ontology (GO) enrichment analysis using the tool PANTHER (37) revealed 23 GO terms 
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with >3-fold enrichment and a P-value of <0.001 (Fig 3.1, Table 3.1). The most abundant 
types of proteins were those involved in chromatin organization (fold enrichment, 10.7), 
transcription (9.91), DNA replication (7.43) and pre-mRNA splicing (7.03). To gain 
additional insight into the proteins enriched on trypanosome nascent DNA, we examined 
their potential relationships using the STRING database (38). After manually classifying 
proteins according to the best-known function, the analysis revealed a network of 9 clusters 
with abundant interactions between DNA replication and the categories DNA repair and 
nucleic acid metabolism. However, there were also abundant links between DNA 
replication and transcription clusters (Fig 3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
85 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 – GO analysis of T. brucei replication fork proteomics 
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Gene ontology (GO) analysis of the biological processes of the proteins identified in an 
unperturbed DNA replication fork. Graph represents the fold enrichment of each GO 
term in a hierarchy order.  
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Figure 3.2 - STRING analysis of T. brucei replication fork proteomics 
 
 
 
 
 
 
 
The protein–protein interaction network analysis of an active replication fork in T. 
brucei defined by STRING.  The topology is organized according to functional 
classification. Nodes that are highlighted in the figure. DNA polymerase alpha, 
red; replication factor C, orange; replication factor 1 A, green; MCM4, purple; and 
PCNA, pink.  
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GO slim PANTHER TERM Fold enrichment P value 
Chromatin Organization 10.70 2.91 x 10-12 
Transcription Elongation-RNA pol II promoter 9.91 3.66 x 10-4 
Nuclear Transport 9.20 1.49 x 10-8 
Transcription Regulation-RNA pol II promoter 7.43 4.18 x 10-7 
DNA Replication 7.43 1.40 x 10-9 
Chromosome Segregation 7.21 4.28 x 10-5 
mRNA Splicing 7.03 2.21 x 10-7 
RNA Splicing-Transesterification Reaction 6.73 9.67 x 10-7 
mRNA Polyadenylation 6.61 5.06 x 10-3 
RNA Localization 5.95 3.65 x 10-4 
DNA Repair 5.43 8.10 x 10-8 
RNA Catabolic Process 4.82 2.49 x 10-3 
Nitrogen Compound Metabolic Process 3.97 2.91 x 10-34 
rRNA Metabolic Process 3.79 1.61 x 10-4 
Protein Targeting 3.66 1.32 x 10-3 
Nucleobase Containing Compound Transport 3.53 5.42 x 10-3 
Proteolysis 3.47 1.12 x 10-4 
Stress Response 3.41 2.49 x 10-5 
Biosynthetic Process 3.30 3.13 x 10-13 
Cell Cycle 2.91 3.98 x 10-5 
Table 3.1.  Fold Enrichment and P value of enriched GO terms identified in T. 
brucei iPOND    
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3.3.1 DNA replication proteins identified in T. brucei iPOND 
As expected, we were able to identify proteins that have roles in DNA replication 
(Table 3.2) with a GO fold enrichment of 7.43 (P value 1.40 x 10-9) (Fig 3.1, Table 3.1). 
We have identified proteins involved in DNA unwinding, DNA synthesis, processivity, 
DNA protection and Okazaki fragment processing.  These include components of the 
heterohexameric MCM complex (MCM4 and MCM7), DNA polymerases a (Pol a) and d 
(Pol d), PCNA and replication factor C subunits, replication factor A subunits and FEN-1 
endonuclease, respectively. These DNA replication factors were part of the DNA 
replication cluster in the STRING analysis (Fig 3.2). In the STRING analysis, interactions 
are derived from multiple sources including curated databases that include known 
experimental interactions and text mining that incorporates statistical links between 
proteins [29].  In the DNA replication cluster, PCNA was a key node to other DNA 
replication proteins but also to other clusters (Fig. 3.2, purple node). Its interactions with a 
subunit of the replication factor complex (RFC1; Fig 3.2, yellow node), and from RPA 
(RFA1; Fig 3.2, green node), as well as interactions with MCM4 (Fig 3.2, pink node) and 
DNA polymerase a (Pol a; Fig. 3.2B, red node) were expected. RFC1 is part of the clamp 
loader involved in PCNA loading, and RFA1 is part of the single-stranded DNA-binding 
protein complex RPA [40]. T. brucei RFC1 and RFA1 were enriched in our data set having 
ranking positions of 238 and 321 respectively, while PCNA ranked 311 (Table 3.2). T. 
brucei PCNA shows nuclear localization during the G1/S transition and S phase. 
Regulation of its proper levels is critical for DNA replication and proliferation and is 
uniquely regulated by the kinase TbERK8 [41–43]. Pol a and MCM4 ranked much higher 
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at the 9 and 13 position. The T. brucei MCM complex has been characterized and the single 
MCM4 subunit was able to unwind circular DNA in vitro as well as the complex [44] 
Some of these factors did not display a high score, but this could be explained 
because they are at a low copy number at the replication fork.  Nonetheless, after applying 
our stringency criteria, these proteins were still considered enriched. Some known DNA 
replication proteins did not pass the filtering criteria including DNA polymerase epsilon 
catalytic subunit, MCM2, Replication Factor A (51kDa subunit) and topoisomerase II. 
Comparing the enriched T. brucei iPOND DNA replication proteins with two other 
studies that used label free quantification [5,45], several homologs of known T. brucei 
DNA replication were identified in those studies. Additionally, we were able to identify 
expected DNA replication factors that those studies did not detect such as MCM and 
primase subunits (Table 3.2). These observations give confidence to our data and our 
analysis. 
To test if the DNA replication proteins identified are enriched on nascent DNA, we 
calculated the FC EdU/ThD chase for these proteins. The FC EdU/ThD chase was 
calculated for the three EdU pulse replicates with the single ThD chase sample, these three 
values were added and averaged to obtain a final FC. From this initial analysis, RFC4 and 
MCM4 were only detected in the EdU and absent in the ThD chase sample (INF value). 
The remaining DNA replication proteins identified have an average FC ranging from 0.6 
to 4.7, where PCNA becomes a highly enriched (FC of 4.7) compared to the ThD chase 
sample (Table 3.3). This was expected since PCNA interacts with nascent DNA as it is 
shown in other studies [45,46] where this protein is highly enriched in the short EdU pulse, 
but its detection decreased in the ThD chase.  
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Table 3.2. T. brucei DNA replication proteins identified by iPOND. 
Tb927  
Protein ID 
Product  
Description 
Mol. 
Weight 
[kDa] 
Ranking 
Position 
Total 
Score 
Identified 
by Cortez 
laba 
Identified 
by 
Ernforns 
labb 
Tb927.8.4880 
DNA polymerase 
alpha catalytic 
subunit 
152 9 134.02 no yes 
Tb927.11.12250 
DNA replication 
licensing factor 
MCM4 
93 13 132.20 no yes 
Tb927.10.7990 ATPase, putative, replication factor 3 39 15 114.68 no yes 
Tb927.3.830 flap endonuclease-1 (FEN-1), putative 44 71 77.62 no yes 
Tb927.11.16140 
DNA replication 
licensing factor 
MCM7 
81 93 73.57 no yes 
Tb927.3.1130 
DNA polymerase 
delta subunit 2, 
putative 
62 134 70.40 no yes 
Tb927.11.9550 replication factor C, subunit 4, putative 38 149 69.20 yes yes 
Tb927.9.12300 replication factor C, subunit 3, putative 40 180 51.86 no yes 
Tb927.2.1800 
DNA polymerase 
delta catalytic 
subunit, putative 
117 189 48.39 yes yes 
Tb927.6.3890 replication factor C, subunit 2, putative 39 216 42.93 yes yes 
Tb927.7.2310 DNA primase small subunit, putative 48 219 42.80 no no 
Tb927.11.5650 replication factor C, subunit 1, putative 65 238 41.01 yes yes 
Tb927.4.1330 DNA topoisomerase IB, large subunit 79 283 37.39 yes no 
Tb927.9.5190 
proliferative cell 
nuclear antigen 
(PCNA), putative 
32 311 28.61 yes yes 
Tb927.6.4780 DNA ligase I,  putative 83 319 18.60 yes yes 
Tb927.11.9130 Replication factor A protein 1 52 321 17.37 yes no 
Tb927.5.1700 
replication Factor A 
28 kDa subunit, 
putative 
28 388 7.89 no no 
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Table 3.3. Enrichment of DNA Replication Proteins in EdU vs. Thymidine Chase 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tb927 Protein ID Product Description Average FC EdU/ThD 
Tb927.11.12250 DNA replication licensing factor MCM4 INF 
Tb927.11.9550 replication factor C, subunit 4, putative INF 
Tb927.9.5190 proliferative cell nuclear antigen (PCNA), putative 4.7 
Tb927.9.12300 replication factor C, subunit 3, putative 3.5 
Tb927.5.1700 replication Factor A 28 kDa subunit, putative 3.4 
Tb927.11.5650 replication factor C, subunit 1, putative 2.8 
Tb927.3.830 flap endonuclease-1 (FEN-1), putative 2.4 
Tb927.8.4880 DNA polymerase alpha catalytic subunit 2.3 
Tb927.7.2310 DNA primase small subunit, putative 1.9 
Tb927.10.7990 ATPase, putative, replication factor C 1.8 
Tb927.11.16140 DNA replication licensing factor MCM7 1.5 
Tb927.11.9130 Replication factor A protein 1 1.5 
Tb927.6.3890 replication factor C, subunit 2, putative 1.3 
Tb927.4.1330 DNA topoisomerase IB, large subunit 1.2 
Tb927.6.4780 DNA ligase I, putative 1.2 
Tb927.2.1800 DNA polymerase delta catalytic subunit, putative 0.8 
Tb927.3.1130 DNA polymerase delta subunit 2, putative 0.6 
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3.3.2 Chromatin and Transcription proteins identified in T. brucei iPOND 
GO terms associated with chromatin proteins (remodeling, organization, assembly 
and epigenetic changes) were the highest enriched biological processes identified in our 
data set, with chromatin organization displaying the highest fold enrichment (10.70; P-
value of 2.91 x 10-12) (Fig 3.1, Table 3.1). This is expected since nucleosomes assemble 
immediately behind the DNA replication fork with the first deposited nucleosome detected 
at a distance of only ~250 bp from the replication fork [47], and even though nucleosomes 
are disrupted ahead the replication fork and histones are disassociated from DNA, they 
remain in near proximity during fork passage for their inheritance during DNA replication 
[48,49]. Additionally, we estimated that in a 10 min EdU pulse we have labeled 37 kbp of 
T. brucei DNA. This number of EdU-labeled kbp increases the likelihood of identifying 
chromatin-associated proteins on nascent DNA.  In our data set, nucleosome components 
were enriched such as histone H3, 4 (H4), 2A(H2A), 2B (H2B), 2A variant Z (H2AZ), 2B 
variant (H2BV) and 3 variant (H3V) were detected (Table 3.4).  Histone chaperones such 
as FACT, contribute to rapid nucleosome assembly at the replication fork, and chromatin 
remodeling enzymes such as Isw1 help load and position nucleosomes during DNA 
replication [50]. Accordingly, there are representatives from at least 3 chromatin 
remodeling complexes present in the data set, namely both FACT subunits (rank 212, 375), 
two INO80 RuvB-like proteins (rank 338, 397), and 3 of the 4 ISWI complex proteins (rank 
96, 255, 324). In addition, several other putative nucleosome assembly proteins were 
detected (Table 3.4 and Sup Table 1). Interestingly, when comparing average FC EdU/ThD 
chase, several of the chromatin associated proteins, especially the FACT components, were 
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enriched on nascent DNA further supporting the notion that nucleosome assembly occurs 
in proximity to the replication fork (Table 3.4). 
In model organisms such as Drosophila melanogaster, early replicating domains of 
the genome associate with transcriptionally active euchromatin, while late replicating 
domains associate with heterochromatin. Genome-wide studies of replication timing in 
Drosophila showed that early replication sequences are defined by chromosomal regions 
of active transcription [51]. Additionally, heterochromatin marks such as H3K27me3, 
H3K9me2 and H3K9me3 are associated with late replication sequences, suggesting a 
correlation of replication timing with chromatin landscape [52]. Genome-wide analyses 
mapped T. brucei ORC1 binding sites to the boundaries of DGCs revealing an 
unprecedented level of functional interaction between transcription and DNA replication 
[53]. Additionally, in the related trypanosomatid L. major, genome wide studies indicated 
that initiation and timing of DNA replication depend on RNA pol II transcription dynamics 
that are also a driving force for nucleosomal organization [54].  
In support of an association between transcription and DNA replication, the 
transcription GO term had a 9.91-fold enrichment (P-value of 3.66 x 10-4) (Fig 3.1; Table 
3.1), and STRING analysis showed transcription proteins interacting with all clusters 
except for nuclear transport and protein metabolism (Fig 3.2). Subunits of all three nuclear 
RNA polymerases were identified, together with other important transcription proteins 
such as TATA-box binding protein (rank 16), two elongation factors (rank 98, 110), and 
several basal transcription initiation factors (rank 68, 72, 131, 147, 240) (Table 3.5). These 
findings are in accordance with enrichment of transcription machinery in iPOND studies 
conducted in other systems [45,55,56]. 
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Table 3.4 Selected chromatin-associated proteins identified in T. brucei iPOND 
Tb927 Protein ID Product Description 
Mol. 
Weight 
[kDa] 
Ranking 
Position 
Total 
Score 
Total FC 
EdU/ThD 
Tb927.11.7350 Histone H2B variant V 16 63 84.12 4.05 
Tb927.2.1810 chromatin-remodeling complex ATPase chain isw1 133 96 73.49 7.56 
Tb927.7.6360 histone H2A variant Z 19 175 53.42 7.06 
Tb927.10.14390 Histone chaperone Rttp106-like, putative 61 212 43.51 9.19 
Tb927.10.15180 nucleosome assembly protein, putative 41 222 42.59 2.63 
Tb927.7.1060 ISWI complex protein 54 255 39.69 2.32 
Tb927.11.13400 Bromodomain, putative 74 268 38.70 7.14 
Tb927.9.5730 nucleosome assembly protein-like protein 48 271 38.42 4.46 
Tb927.10.15350 histone H3 variant V 16 295 36.35 4.34 
Tb927.10.5450 ISWI complex protein 107 324 15.82 4.33 
Tb927.7.2820 histone H2A, putative 14 337 13.58 9.23 
Tb927.4.1270 ruvB-like DNA helicase, putative 50 338 12.98 6.06 
Tb927.5.4220  histone H4, putative 11 358 10.57 INF 
Tb927.3.3490 High mobility group protein TDP1 31 368 9.62 6.88 
Tb927.3.5620 
Facilitates chromatin 
transcription complex subunit 
spt16 FACT 
113 375 9.00 6.96 
Tb927.10.10530 histone H2B, putative 13 382 8.53 INF 
Tb927.4.2000 ruvB-like DNA helicase, putative 53 397 6.80 5.1 
Tb927.1.2470 histone H3, putative 15 401 6.36 INF 
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Table 3.5 Selected transcription proteins identified in T. brucei iPOND   
Tb927  
Protein ID Product Description 
Mol. 
Weight 
[kDa] 
Ranking 
Position 
Total 
Score 
Tb927.4.5320 Component of IIS longevity pathway SMK-1, putative 97 7 134.65 
Tb927.10.15950 TATA-box-binding protein 29 16 109.87 
Tb927.4.5020 DNA-directed RNA polymerase II subunit RPB1 170 29 104.03 
Tb927.11.1390 class I transcription factor A, subunit 1 53 68 78.98 
Tb927.1.1700 AATF protein, putative (Apoptosis-antagonizing transcription factor) 55 69 78.31 
Tb927.2.5030 transcription initiation protein, putative 80 72 77.59 
Tb927.1.1680 Transcription elongation factor 1 domain-containing protein 26 98 73.27 
Tb927.4.3490 DNA-directed RNA polymerases II and III subunit RPB6, putative 16 99 
 
73.21 
 
Tb927.8.5090 DNA-directed RNA polymerase I largest subunit 196 104 73.03 
Tb927.11.370 repressor activator protein 1 93 105 72.94 
Tb927.2.3580 transcription elongation factor s-II, putative 52 110 72.53 
Tb927.8.5980 TFIIH basal transcription factor complex helicase subunit, putative 92 131 70.54 
Tb927.11.9430 TFIIH basal transcription factor subunit 41 147 69.28 
Tb927.1.540 DNA-directed RNA polymerase III, putative 127 217 42.92 
Tb927.10.8720 CCR4-NOT transcription complex subunit 10, putative 61 236 41.14 
Tb927.11.1410 class I transcription factor A, subunit 3 47 240 40.68 
Tb927.10.15370 DNA-directed RNA polymerases I and III subunit RPAC1, putative 37 242 40.47 
Tb927.9.5710 general transcription factor IIB 38 245 40.30 
Tb927.3.1270 PRP38 family, putative 61 256 39.67 
Tb927.4.1310 ZFP family member, putative zin finger transcription factor 47 294 36.37 
Tb927.11.630 RNA polymerase I second largest subunit 179 323 16.03 
Tb927.4.3810 DNA-directed RNA polymerase II subunit 2, putative 134 336 13.67 
Tb927.9.12900 RNA polymerase-associated protein LEO1, putative 65 354 10.92 
Tb927.5.4420 nucleolar RNA helicase II, putative 69 380 38.72 
Tb927.8.1510 ATP-dependent RNA helicase DBP2B, putative 62 381 8.68 
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3.3.4 DNA repair proteins identified in T. brucei iPOND  
DNA repair was another GO term enriched in our data set with a fold enrichment 
of 5.43 (P-value 8.10 • 10-8) (Fig 3.1; Table 3.1). Proteins involved in DNA repair such as 
RAD54 (rank 12) and RAD51 (rank 378) (Table 3.6) were identified. These factors 
participate in repairing DNA double-strand breaks by homologous recombination and have 
physical and functional interaction. RAD54 drives branch migration and stimulates 
RAD51 strand exchange activity [57] whereas RAD51 mediates homology search, strand 
invasion, and D-loop formation steps [58].  When RAD51 was silenced in T. brucei, the 
parasites were more sensitive to DNA damaging agents and they lost their ability to 
undergo VSG (variant surface glycoproteins) switching [59]. VSG switching is the process 
that leads to antigenic variation in the BSF and occurs by homologous recombination, 
double strand breaks and telomere proteins [60].  We also enriched BRCA2 (rank 50) 
(Table 3.6), another protein associated with VSG switching in T. brucei [61]. BRCA2 
interacts with RAD51 and regulates RAD51 nuclear localization and its DNA binding 
ability in humans [62]. In T. brucei was shown that BRCA2 is involved in DNA repair and 
recombination, and when this gene is depleted the frequency of VSG switching is reduced 
from 8 to 11 fold relative to WT [61].   
The fact that we are enriching proteins related to DNA repair on nascent DNA 
might indicate that DNA repair is active during new synthesis or shortly after DNA is 
replicated. Enrichment of DNA recombination proteins in active replication forks might 
suggest that these events of recombination can occur in newly synthesized DNA in 
procyclic parasites. It would be interesting to see if these proteins colocalize with newly 
synthesized DNA in BSF to evaluate if VSG switching occurs during S phase.  
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Table 3.6 DNA repair and recombination proteins identified in T. brucei iPOND 
 
Tb927 Protein 
ID Product Description 
Mol. 
Weight 
[kDa] 
Ranking 
Position 
Total 
Score 
Tb927.11.5430 DNA repair and recombination protein RAD54, putative 114 12 133.33 
Tb927.11.3550 XPA-interacting protein, putative 32 37 103.01 
Tb927.10.6410 DNA mismatch repair protein MSH6, putative 110 47 101.11 
Tb927.1.640 BRCA2, nucleoside diphosphate kinase, putative 176 50 100.67 
Tb927.9.5240 mismatch repair protein MSH3, putative 102 58 90.62 
Tb927.10.13970 uracil-DNA glycosylase, putative 33 111 72.5 
Tb927.11.14680 phosphatidylinositol 3-related kinase, putative 321 115 72.09 
Tb927.3.5440 SNF2 DNA repair protein, putative 167 145 69.68 
Tb927.8.5510 apurinic/apyrimidinic endonuclease, putative 44 167 67.46 
Tb927.11.9050 p21-C-terminal region-binding protein, putative 45 202 45.36 
Tb927.6.5110 damage-specific DNA binding protein, putative 138 207 44.30 
Tb927.2.5810 
Holliday-junction resolvase-like of 
SPT6/SH2 domain containing protein, 
putative 
174 210 43.62 
Tb927.2.4390 endo/exonuclease Mre11 82 220 42.77 
Tb927.11.9490 
CobW/HypB/UreG, nucleotide-
binding domain containing protein, 
putative 
38 227 41.90 
Tb927.3.4160 XPC-binding domain/UBA/TS-N domain containing protein 36 285 37.38 
Tb927.8.3500 mms19 nucleotide excision repair protein homolog 104 297 36.22 
Tb927.11.8190 DNA repair protein RAD51 41 378 8.84 
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3.3.4 RNA Splicing  
 
One GO term that we were surprised to see enriched was mRNA splicing with a 
fold enrichment 7.03 (P-value of 2.21 x 10-7) (Fig 3.1; Table 3.1). Proteins that are part of 
the spliceosome such as SmB (rank 42), SmD2 (rank 163) and U5-40K (rank 308) were 
identified. Also, proteins involved in polyadenylation and capping were identified (Table 
3.7). Recently, the link between nucleosome occupancy, RNA pol II levels and splicing 
elements in T. brucei was addressed [63]. This study was found that RNA pol II sites are 
in close proximity of regions associated with TSS marked by histone variants such as 
H2A.Z.  RNA pol II-initiated transcription at the 5´end of H2A.Z peaks and its enrichment 
was across 2 kbp. Therefore, the regions upstream of RNA pol II enrichment could mark 
sites of transcription initiation. These data suggest that the position of nucleosomes at exon 
boundaries acts as a barrier causing RNA pol II enrichment and transcription pausing which 
lead to the recruitment of splicing factors and increase trans-splicing efficiency. In our data 
set, we have enriched H2A.Z (Table 3.4), RNA pol II subunits (Table 3.5) and splicing 
factors (Table 3.7) suggesting that co-transcriptional splicing events might occur in near 
proximity of newly replicated DNA.  
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Table 3.7. Selected RNA Splicing factors identified in T. brucei iPOND 
 
Tb927 Protein 
ID Product Description 
Mol. Weight 
[kDa] 
Ranking 
Position 
Total 
Score 
Tb927.6.4600 pre-mRNA splicing factor ATP-dependent RNA helicase, putative 114 25 104.52 
Tb927.11.11850 splicing factor 3B subunit 1, putative 122 41 102.53 
Tb927.2.4540 
Small nuclear ribonucleoprotein-
associated protein B (snRNP-B) (Sm 
protein B) (SmB), putative 
12 42 102.50 
Tb927.9.3480 U5Cwc21 small nuclear ribonucleoprotein 16 46 101.50 
Tb927.3.2190 Capping enzyme RNA triphosphatase 1 29 82 74.92 
Tb927.8.2000 cyclophilin, putative 33 103 73.05 
Tb927.4.1340 cleavage and polyadenylation specificity factor subunit, putative 85 106 72.78 
Tb927.10.7280 pre-mRNA splicing factor ATP-dependent RNA helicase, putative 121 125 71.12 
Tb927.2.5850 small nuclear ribonucleoprotein SmD2 12 163 68.10 
Tb927.7.3780 Nuclear poly(A) polymerase 2 74.00 170 62.25 
Tb927.10.10700 splicing factor Prp31 40 179 51.90 
Tb927.8.900 splicing factor TSR1 37 218 42.91 
Tb927.11.10750 pre-mRNA-splicing factor CWC22, putative 67 193 47.21 
Tb927.11.6720 mRNA cap guanine-N7 methyltransferase, putative 118 234 41.22 
Tb927.11.11150 U5 snRNP-specific 40 kDa protein, putative 35 308 34.40 
Tb927.11.2370 mRNA export factor MEX67 56 348 11.29 
Tb927.2.5240 pre-mRNA splicing factor 19 54 399 6.65 
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3.3.5. Initial characterization of Tb427.10.7990 (Tb7990).  
Many of the key DNA replication elongation factors in T. brucei have not been 
characterized [64]. Therefore, we decided to study Tb427.10.7990 (Tb7990) (Rank 15) for 
since is annotated as replication factor C subunit 3 (RFC3).   Replication factor C (RFC) is 
a protein that participates in DNA replication, repair and cell cycle checkpoints [65]. It is 
composed of five essential subunits and acts as a clamp loader for sliding clamps such as 
PCNA. Subunit 1 (RFC1) is the largest subunit, while the other 4 (RFC2-5) have similar 
molecular weight [66]. RFC binds to primed DNA and by using ATP, directs the loading 
of PCNA onto DNA [65]. Additionally, we used this protein as a positive control to study 
DNA replication defects. First, we performed a protein alignment using Tb790 sequence 
with other RFC3 factors from other kinetoplastids and model eukaryotes (Fig 3.3). The 
ATP-binding Walker A motif, the magnesium ion-binding Walker B motif that is required 
for ATP hydrolysis [67], and the SRC motif  (also called an arginine finger) that senses 
bound ATP and participates in ATP hydrolysis [68] were identified in Tb7990. We noticed 
that in our RFC3 alignment there are distinct substitutions in the Walker A and Walker B 
motifs. Instead of having the consensus GXXXXGKT [69], the analyzed RFC3 sequences 
have the sequence GXXXXGKK; and for the Walker B region instead of the hhhhDExx 
consensus [70], Tb7990 and the other kinetoplastids have the hhhhNExx sequence.  
We confirmed Tb7990 nuclear localization and its colocalization with newly 
synthesized DNA using a Tb7990-PTP-tagged cell line.  Tb7990-PTP localized as several 
punctate foci in the nucleus and was excluded from the nucleolus. While there was 
colocalization with EdU foci, the two patterns did not precisely overlap (Fig 3.4A). 
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Alignment highlights motifs found in RFC subunits and key residues such as the lysine 
(green asterisk) in the Walker A motif involved in ATP binding, the glutamate (purple 
asterisk) in the Walker B motif that contributes to the RFC binding to PCNA and DNA, 
and the arginine finger (red asterisk) present in the SRC (Ser-Arg-Cys) motif that 
promotes ATP hydrolysis. Positions having more than 50% of identity were highlighted 
in black. Strongly conserved residues are highlighted in gray. In blue positions that are 
conserved only in kinetoplastids, and in red residues that are not conserved in 
kinetoplastids. Stars and colons represent identical or similar positions. Tb (T. brucei), 
Lm (L. major), Tc (T. cruzi), Cf (C. fasciculata), Hs (H. sapiens), Sc (S. cerevisiae) and 
Xt (X. tropicalis)  
Figure 3.3 - Replication Factor C alignment 
	
Tb_RFC3      -MLWVDKYRPRTLDDVDLYPELTEVLKRLA-ESQDLPHLLLYGPSGTGKKTRAMAVLQQV 58 
Lm_RFC3      -MLWVDRYRPKTLKDVELYPELKEVLTRLS-KAQDLPHLLFYGPSGSGKKTRAMAMLHEI 58 
Tc_RFC3      -MLWVDKYRPKSLVEVELYPELTEVLKRLA-ESQDLPHLLLYGPSGTGKKTRAMAVLHHV 58 
Cf_RFC5      -MLWVDRYRPKTLKEVELYPELNDVLGRLA-KAQDLPHLLFYGPSGSGKKTRAMAVLHEI 58 
Hs_RFC3      MSLWVDKYRPCSLGRLDYHKEQAAQLRNLV-QCGDFPHLLVYGPSGAGKKTRIMCILREL 59 
Sc_RFC5      MSLWVDKYRPKSLNALSHNEELTNFLKSLSDQPRDLPHLLLYGPNGTGKKTRCMALLESI 60 
Xt_RFC3      MSLWVDKYRPSSLSKLDYHKEQAVQLRNLV-QCGDFPHLLVFGPSGAGKKTRIMCLLREL 59 
               ****:*** :*  :.   *    *  *  :  *:****.:**.*:***** *.:*. : 
 
Tb_RFC3      YGPSVYSLRLEHKSVQVTDSKVVDIATLSSPHHIDINPSDAGNHDRVVVMQMIREIAQTV 118 
Lm_RFC3      YGPSVFSVRLEHKSVQVSDSKVVDIATLSSPHHIDINPSDAGNYDRAIVMQMIREIAQTV 118 
Tc_RFC3      YGPSVYSLRLEHRSVQVTDSKVVDIATLSSPHHIDINPSDAGNYDRVIVMQMIREIAQTV 118 
Cf_RFC5      YGPSVYSVRLEHKSVQVSDSKVVDIATLSSPHHIDINPSDAGNYDRVIVMQMIREIAQTV 118 
Hs_RFC3      YGVGVEKLRIEHQTITTPSKKKIEISTIASNYHLEVNPSDAGNSDRVVIQEMLKTVAQSQ 119 
Sc_RFC5      FGPGVYRLKIDVRQFVTASNRKLELNVVSSPYHLEITPSDMGNNDRIVIQELLKEVAQME 120 
Xt_RFC3      YGAGVEKLRIEHQTITTPSKKKIEISTIASNYHLEVNPSDAGNSDRVVIQELLKTVAQSQ 119 
             :* .*  :::: : . . ..: ::: .::* :*:::.*** ** ** :: :::: :**   
 
 
 
Tb_RFC3      PLQSGT---PGAAKYKVVVLNEVDKMGRAAQHALRRTMEKYMATCRLVLICNSTSRLIAP 175 
Lm_RFC3      PLHSTSG-NRKNVPYKVVVLNEVDKMSRTAQHALRRTMEKYMNTCRLFLLCNSTSRLIPP 177 
Tc_RFC3      SLQSST---SNGVKYKVVLLNEVDKMGRAAQHALRRTMEKYMSTCRLVLICNSTSRLIAP 175 
Cf_RFC5      PLHTTAS-SAKAVPYKVVVLNEVDKMSRSAQHALRRTMEKYMKTCRLVLICNSTSRLIPP 177 
Hs_RFC3      QLETNS-----QRDFKVVLLTEVDKLTKDAQHALRRTMEKYMSTCRLILCCNSTSKVIPP 174 
Sc_RFC5      QVDFQDSKDGLAHRYKCVIINEANSLTKDAQAALRRTMEKYSKNIRLIMVCDSMSPIIAP 180 
Xt_RFC3      QLETST-----QRDFKVVLLTEVDKLTKDAQHALRRTMEKYMSTCRLILCCNSTSKVIAP 174 
              :.           :* *::.*.:.: : ** *********  . **.: *:* * :* * 
 
 
 
Tb_RFC3      LRSRCLAVRVPSHSQENITKVIRTVCEKEGRMPPSPAFLAALSNQSEGNLRRAQLMLEAA 235 
Lm_RFC3      LRSRCLGIRVASHSKDNLKLAVQRVCEGEGRPLPSVAFLNSLALRSDGNLRRGLLMLEAS 237 
Tc_RFC3      LRSRCLAVRVPSHSKENLTKVIRGVCERENRPLPSPEFMATVTQRSEGNLRRALLMVEAA 235 
Cf_RFC5      LRSRCLGIRVAAHSKDNLALAVQHVCEGESRPMPSPAFLNSLALRSDGNLRRGLLMLEAS 237 
Hs_RFC3      IRSRCLAVRVPAPSIEDICHVLSTVCKKEGLNLPSQ-LAHRLAEKSCRNLRKALLMCEAC 233 
Sc_RFC5      IKSRCLLIRCPAPSDSEISTILSDVVTNERIQLETKDILKRIAQASNGNLRVSLLMLESM 240 
Xt_RFC3      IRSRCLAVRICAPSVDEICTVLFSVCKKEGLILPQE-LARKIAEKSGRNLRKALLMCEAC 233 
             ::**** :*  : * .::   :  *   *        :   ::  *  *** . ** *:  
 
Tb_RFC3      AMTKVDFSGSGANIPQADWQVFLEEIANDILTEQTPKKLFEIRGKFYDLLGQCISGEVIM 295 
Lm_RFC3      ALAKVDWSGNGAAIPQADWKLFLDEISHDIVAEQTPKRLHEVRLKFYDLLAQCISGETIL 297 
Tc_RFC3      AMTKVDFSGNGADIPQPDWRVFLDEIANDILSEQTPKKLHEIRGKFYNLLGQCVSGELIL 295 
Cf_RFC5      AMTKVDWSGNGAAIPQADWKLFLDEISHDILAEQTPKKLHEVRLKFYDLLAQCISGETIL 297 
Hs_RFC3      RVQQYPFTAD-QEIPETDWEVYLRETANAILSQQTPQRLLEVRGRLYELLTHCIPPEIIM 292 
Sc_RFC5      ALNNELALKSSSPIIKPDWIIVIHKLTRKIVKERSVNSLIECRAVLYDLLAHCIPANIIL 300 
Xt_RFC3      RVQQYPFSAD-QDLPETDWEVYVKETANAIVSQQTPQRLLEVRGRLYELLTHCIPPEIII 292 
              : :     .   : : ** : : : :. *: ::: : * * *  :*:** :*:  : *: 
 
Tb_RFC3      RGVLEALLNS--VKPAMRPAVVSLAAKYDHNMKLGTKPILHLEAFASGVMQLLKRN---- 349 
Lm_RFC3      KTLVDSLLAA--VAPALQRPLIELAAKYDHNMKLGTKPILHLEAFVAAVMKLIKQQ---- 351 
Tc_RFC3      RLVLEKLMSA--VDPALRRPLVALAAQYDHNMKLGTKTIVHLEAFAAGVMQLLKQK---- 349 
Cf_RFC5      KTLLDSLLLA--VPPKHQAALIQLAATYDHNMKLGTKPILHLEAFVAGVMKLIKQQ---- 351 
Hs_RFC3      KGLLSELLHN--CDGQLKGEVAQMAAYYEHRLQLGSKAIYHLEAFVAKFMALYKKFMEDG 350 
Sc_RFC5      KELTFSLLDVETLNTTNKSSIIEYSSVFDERLSLGNKAIFHLEGFIAKVMCCLD------ 354 
Xt_RFC3      KCLLSELLNN--CDGQLKCDVAQMAAYYEHRLQLGSKAIYHLEAFVAKFMALYKRFMEDG 350 
             : :   *:         :  :   :: ::..:.**.* * ***.* : .*   .       
 
Tb_RFC3      ------ 349 
Lm_RFC3      ------ 351 
Tc_RFC3      ------ 349 
Cf_RFC5      ------ 351 
Hs_RFC3      LEGMMF 356 
Sc_RFC5      ------ 354 
Xt_RFC3      LEAMMF 356 
Walker B  
Walker A 
*  
*
SRC  
*
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RNAi knockdown of Tb7990 yielded a 75% reduction of its mRNA and a loss of 
fitness starting on D3 (day 3) (Fig 3.4B).  We used fluorescence microscopy to observe the 
effects of Tb7990 depletion in an asynchronous population during the course of RNAi 
knockdown. To track cell cycle stages, we used DAPI and basal body staining. DAPI 
staining is used to assign a specific cell cycle stage based on kDNA and nuclear DNA 
morphology [71]. In T. brucei, kDNA duplication occurs before nuclear DNA replication. 
An elongated kinetoplast is an indicator that the cells are in nuclear S phase [71]. Basal 
body duplication is one of the earliest markers in T. brucei cell cycle and is linked to kDNA 
replication and segregation [72]. The distance between the two duplicated basal bodies 
increases as the cell cycle progresses until cytokinesis occurs [73]. Basal bodies can be 
visualized by using the YL1/2 antibody that detects tyrosinated tubulin. During the course 
of RNAi knockdown, we observed that on D3 cells at the 1N2K configuration were EdU+ 
with a high fluorescence intensity (Fig 3.5A). In T. brucei, cells in this configuration are in 
G2 phase or undergoing mitosis [71,74,75] as is observed in uninduced (UN) cells (Fig 
3.5A), and no EdU uptake is expected. EdU incorporation and fluorescence intensity were 
reduced in D5 (day 5), especially in cells at the 1N1Kdiv configuration. At this cell cycle 
stage, cells are in nuclear S phase [71,74,75] and therefore, it is expected to be EdU+.  
Additionally, at D5 we observed the presence of zoids (cells without nucleus, 0N1K) and 
abnormal cells (Fig 3.5A and B). Zoids arise from cytokinesis of 1N2K cells that completed 
kDNA replication and cell division but were unable to perform nuclear division. However, 
procyclic cells in T. brucei can undergo cytokinesis without having completed mitosis [76]. 
Therefore, to test if the formation of zoids is a result of DNA replication defect, we 
quantified the EdU fluorescence intensity during the course of Tb7990 silencing (Fig 
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3.5C). UN cells have an EdU fluorescence intensity ranging from 0.055-0.20. This pattern 
was similar for D1 (day 1) cells but in D2 (day 2) a reduction in EdU intensity was 
observed. Surprisingly, at D3 EdU fluorescence intensity increased and had a range from 
0.064-0.28. This was statically significant when compared to UN cells. This might indicate 
that the cells in D3 are continuously duplicating their DNA because there are unable to 
proceed to next cell cycle stage. From D4 (day 4) to D5, there was a reduction in EdU 
intensity where D5 displayed the lowest intensities ranging from 0.011-0.18, and were also 
statically different from UN cells. Tb7990 depletion effects are similar to the ones reported 
when silencing T. brucei DNA replications proteins such as ORC1 [77], MCM subunits (3, 
5 and 7) [44] and PCNA [42], where there was zoid accumulation and a reduction of BrdU 
(5-Bromo-2′-deoxyuridine) uptake, another thymidine analog.  
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DAPI EdU 
Tb7990-PTP + EdU 
Tb7990-PTP 
Merge 
B 
A 
Characterization of Tb7990. A) Localization of Tb7990 PTP-tagged protein in 
asynchronous populations labeled with EdU using SIM microscopy. PTP tag was 
detected with anti-protein A (red), EdU incorporation (green) and DNA was stained 
with DAPI (blue).  Enlargement correspond to the white dashed boxes. Size bar, 5 µm. 
B) Tb7990 RNAi knockdown clonal cell line characterization. Left Panel. Growth 
curves in the presence and absence of tetracycline induction. Right panel. qRT-PCR 
analysis of uninduced (red) and induced (blue) cells after 48 hours of growth. Data are 
normalized using TERT.  
 
Figure 3.4 - Nuclear localization and RNAi knockdown of Tb7990
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Cells were induced for the indicated days and then EdU labeled. A) Microscopy 
analysis of Tb7990 depletion. DNA is stained with DAPI (blue), basal body detected 
with YL1/2 antibody (red) and EdU incorporation is detected with Alexa Fluor™ 488 
picolyl azide (green). Size bar, 5 µm. B) Examples of zoids and abnormal cells upon 
Tb7990 silencing. Size bar, 5 µm C) EdU fluorescence quantification analysis. Each 
dot represents EdU signal intensity per nucleus for each induction day. Statistical 
analysis unpaired two-tailed t-test ****P < 0.0001, *P <0.02. 
Figure 3.5 – Analysis of RNAi knockdown of Tb7990
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3.3.6. Initial characterization of Hypothetical proteins Tb427.03.5370 (Tb5370).  
To analyze whether our data set revealed new replication proteins, we picked one 
protein of unknown function, Tb5370 (rank 123), from our data set for functional 
characterization. This protein was selected because of its strong expression during S phase 
[78] and it was related to the Topo2C family (domain cl25574, E-value 5.16 x 10-5) of type 
II topoisomerases after performing a domain search using the NCBI Conserved Domain 
tool [31].  DNA topoisomerases manage the topological state of the DNA and they are 
required in DNA transaction processes in the cell such as replication, transcription and 
repair. Topoisomerases can be classified in two main types based in their mechanism and 
sequence similarity. Type I Topoisomerases cleave one strand of DNA while DNA 
topoisomerases II cleave two strands [79,80]. Type II topoisomerases participates in DNA 
replication, sister chromatid segregation and chromosome condensation [81,82].   We also 
observed that Tb5370 depletion can impact negatively parasite fitness mostly in procyclic 
cells based on RIT-seq (RNA interference target sequencing) data [83]. However, protein 
alignment of Tb5370 with other type II topoisomerases showed Tb5370 was lacking key 
residues involved in topoisomerase activity and therefore we decided to analyze the protein 
sequence by inspecting for motifs in Tb5370 and the corresponding homologs in other 
trypanosomatids. In this analysis, we identified the FHA (forkheaded associated domain) 
phosphopeptide ligand motif and the CDK (cyclin dependent kinases) phosphorylation site 
motif (Fig 3.6). We verified if there are serine or threonine residues within the CDK 
phosphorylation site motif that are phosphorylated by using the phosphoproteomic data 
available for T. brucei [84]. Three serine residues are phosphorylated in this motif at the 
231, 233 and 235 positions (Fig 3.6). CDKs phosphorylate protein substrates that are 
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associated with regulation of cell cycle transitions [85], such as DNA synthesis and mitosis 
[86].  In addition, these kinases also phosphorylates proteins involved in DNA damage 
[87]. Since Tb5370 is predicted to have FHA motifs which are present in proteins involved 
in DNA repair and transcription [88], and to be phosphorylated by CDKs, we decided to 
further characterize this gene. We corroborate Tb5370 nuclear localization and 
colocalization with newly synthesized DNA. Tb5370 was fused at the C-terminus with a 
PTP tag and detected using anti-protein A antibodies. Nuclear DNA was labeled with DAPI 
and newly synthesized DNA with EdU in a 10 min pulse. Tb5370 displayed nuclear 
localization in all cell cycle stages and had a perinuclear distribution similar to what is 
observed nucleoporins. It did not colocalize with EdU foci.  (Fig 3.7A). Contrary to what 
was observed from the RNAi targeting data, when we silenced the Tb5370 gene for a period 
of 8 days, we could not detect a growth defect in PCF cells (Fig 3.7B). We confirmed 
depletion of Tb5370 by qPCR and the knockdown reduced 90% of Tb5370 mRNA.   
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Motifs were identified using ELM where X represents any residue. FHA motif (red); 
CDK phosphorylation site motif (purple). In yellow, serine residues that are 
phosphorylated. Positions having more than 50% of identity were highlighted in black. 
Residues that were strongly conserved are highlighted in gray. Stars and colons represent 
identical or similar positions. Tc (T. cruzi), Lb (L. braziliensis), Cf (C. fasciculata), Ls 
(L. seymouri), Bd (B. saltans) and Phytomonas sp. 
Figure 3.6 - Tb5370 Alignment using selected kinetoplastid sequences
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DAPI Tb5370-PTP 
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Characterization of Tb5370. A) Localization of Tb5370 PTP-tagged protein in 
asynchronous populations labeled with EdU using SIM microscopy. PTP tag was 
detected with anti-protein A (red), EdU incorporation (green) and DNA was stained 
with DAPI (blue).  Enlargement corresponds to the white dashed boxes. Size bar, 5 
µm. B) Tb5370 RNAi knockdown clonal cell line characterization. Left Panel. Growth 
curves in the presence and absence of tetracycline induction. Right panel. qRT-PCR 
analysis of uninduced (red) and induced (blue) cells after 48 hours of growth. Data are 
normalized using TERT.  
 
Figure 3.7 - Nuclear localization and RNAi knockdown of Tb5370
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3.4 Discussion 
 
Using iPOND-Label-free MS quantification, we were able to generate a list of 
proteins that are present in the vicinity of the replication fork. Additionally, we obtained a 
panoramic view of the cellular processes that in coordination with DNA replication, help 
to maintain genomic stability in T. brucei. Compared to other iPOND-label-free 
quantification MS, we were able to identify and enriched known key players of DNA 
replication found in previous iPOND experiments (Table 3.2), including subunits of the 
MCM complex that were missing in iPOND applied in mammalian cells by the Dr. David 
Cortez group [5].   
The most enriched DNA replication protein was DNA polymerase a catalytic 
subunit (Fig. 3.2, red node), ranking at the 9th position (Table 3.2). Pol a is recruited to 
the replication fork after the CMG complex (Cdc45, MCM 2-7 subunits and the GINS 
complex) is activated by MCM 10 and triggers DNA unwinding at the origin of replication 
[89,90]. To initiate replication, Pol a synthesizes RNA primers and then passes DNA 
synthesis to Pol d and DNA polymerase e (Pol e), which have a proofreading exonuclease 
domain in their catalytic subunit compared to Pol a, making them more accurate for DNA 
synthesis. Physical interactions at the replication fork using eSPAN (enrichment and 
sequencing of protein-associated nascent DNA) showed that the catalytic subunit of Pol a 
was enriched together with replication factor C 1 (RFC1) and replication factor A subunit 
1 (Rfa1).  Rfc1 is part of the RFC complex that acts as a clamp loader involved in PCNA 
loading, and Rfa1 is part of the single-stranded DNA-binding protein complex RPA [40]. 
Both, T. brucei RFC1 (Fig. 3.2, yellow node) and RFA1 (Fig. 3.2, green node) were 
identified and enriched in our data set having ranking positions of 238 and 321 respectively 
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(Table 3.2). The MCM4 subunit (Fig. 3.2, purple node) from the MCM was also enriched 
ranking at the 13h position. This complex has been characterized in T. brucei and it was 
found that MCM4 alone is able to unwind circular DNA in vitro compared to other MCM 
subunits. It interacts with other MCM subunits (3, 5 and 6) and with Cdc45. However, 
when inducing RNAi for this subunit, no growth defect was observed. The authors 
suggested that the parasites have excess of this protein and the knockdown was unable to 
reveal its function [44]. All these DNA replication proteins are expected to be interacting 
with nascent DNA and, accordingly, we were able to identify them in our iPOND-derived 
data set.  
The most enriched GO term in our protein list is chromatin organization. Replicated 
DNA has to be wrapped into nucleosomes, and this can occur at a distance from the 
replication fork of ~250 bp as shown in simian virus 40 (SV40) minichromosomes, 
indicating that nucleosomes are assembled immediately following DNA synthesis [47]. 
Histone chaperones in yeasts such as Rtt106, which was enriched in our data set (rank 212) 
(Table 3.4), contributes to the rapid nucleosome assembly at replication fork, and 
chromatin remodeling enzymes such as Isw1 (rank 255) (Table 3.4) help load and position 
nucleosome during DNA replication [50]. We noticed that histone H3 was not identified 
in our ThD chase sample by MS. Histone H3 in T. brucei can be mono-, di- and 
trimethylated at lysine 76 (H3K76me1-2-3). H3K76me is involved in antigenic variation, 
origin licensing, cell cycle progression and differentiation (91). H3K76me1 is undetectable 
in S phase cells, H3K76me2 is detected mainly during cytokinesis and mitosis and 
H3K76me3 is not cell cycle regulated [91,92]. This suggests that newly incorporated H3 
is unmethylated on nascent DNA during S phase. Histone methylation, as observed in 
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chapter 2, was detected by western blot in our ThD sample. Therefore, H3 detection was 
masked by methylation in our MS analysis that did not include detection of 
posttranslational modifications. Another possible explanation of why chromatin 
organization was the most enriched GO terms can rely on our experimental design. A 
longer EdU pulse was required in our iPOND procedure since T. brucei lacks high affinity 
thymidine transporters [93], and longer DNA stretches were EdU labeled (37 kbp) because 
T. brucei has a fast replication rate (3.7 kbp/min) [94] favoring the capture of chromatin-
associated proteins.  
The second most enriched GO term was transcription (Fig 3.2). Studies on DNA 
replication observed that early replication regions were associated with transcriptionally 
active regions of euchromatin, while late replicating regions were associated with inactive 
regions and gene-poor heterochromatin. Therefore, replication and transcription prefer the 
same chromatin landscape [52]. TbORC1 localizes to the boundaries of transcription units, 
and when performing RNAi knockdown of this protein there was an increase on the mRNA 
levels upstream and downstream of the transcription units [95]. Also, this protein was 
localized at subtelomeric regions where VSG (variant surface glycoproteins) genes are 
positioned [53].  Additionally, a recent study in T. brucei BSF parasites used marker 
frequency analysis with next generation sequencing (MFAseq) in combination with qPCR 
to measure how early the replication of the actively transcribed VSG gene occurs. In T. 
brucei, there is a transcriptional control mechanism where only one VSG gene is expressed 
at a given time. This monoallelic expression takes place in only one of the ∼15 bloodstream 
expression site (BES) present in T. brucei. As a result, the active BES was the single 
mapped telomeric site that replicated at early S-phase [96]. The active VSG in BSF and 
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procylin genes, the major cell surface proteins of PCF trypanosomes, are transcribed by 
RNA polymerase I [97]. Additionally, RNA pol III-transcribed genes, including tRNAs 
genes, are located at convergent SSRs that are associated with the end DGCs [98,99]. Even 
thought that a small percentage of TbORC1 binding sites are associated with convergent 
SSRs, these sites were early replication origins and might overlap with RNA pol III 
transcribed genes [53].  Accordingly, we enriched subunits from all three nuclear RNA 
polymerases (Table 3.5) in newly synthesized DNA, which supports the notion that 
transcription and replication are coordinated in T. brucei, too.  
We have also enriched proteins associated with mRNA splicing. It has been 
proposed that increased levels of nucleosome occupancy can slow the rate of RNA 
polymerase II transcription, allowing the recruitment of splicing factors [100]. We have 
enriched nucleosome components such as H2A.Z (rank 175) (Table 3.4), transcription 
proteins such as RNA polymerase II subunit RPB1 (rank 29) (Table 3.5), and components 
of T. brucei spliceosome such as SmB protein (rank 42) (Table 3.7). Since nucleosome are 
assembled in near proximity to the replication fork and we have enriched RNA polymerase 
II subunits, there is the possibility that after replication and after a certain distance from 
the replication fork, splicing can occur co-transcriptionally, and therefore we are 
identifying all these components. 
We selected two proteins identified and enriched in our iPOND-derived protein list. 
These were a known DNA replication (Tb7990) protein and an uncharacterized protein 
(Tb5370). Both proteins have nuclear localization as expected (Fig 3.4A and Fig 3.6A). 
However, only Tb7990, which is annotated as RFC3, was essential for parasite 
proliferation (Fig 3.4B). There are four different RFC complexes in eukaryotes: RFC1-
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RFC, Ctf18-RFC, Elg1-RFC and Rad17-RFC [101]. These three complexes share the four 
small RFC subunits (RFC2, 3, 4, and 5) but differ in the largest subunit [102,103].  RFC1-
RFC is the canonical RFC complex that acts as a processivity factor for DNA polymerases 
during DNA replication [66]. Ctf18-RFC is involved in chromatid cohesion [104], Elg1-
RFC plays role in genome stability [105] and Rad17-RFC is part of DNA damage 
checkpoints responses [106].  When we tested if Tb7990 colocalize with newly synthesized 
DNA, we noticed that not all Tb7990 foci overlap with EdU foci (Fig 3.4A). The Tb7990 
foci could indicate the participation of this protein in other RFC complexes that are not 
only involved in DNA replication but for example, in chromatid cohesion. Further 
characterization of this protein could include the identification of interacting partners by 
coimmunoprecipitation assays and biochemical assays to test its ATPase activity.   
We decided to characterize Tb5370 since initial bioinformatic analysis suggested 
that this protein could be an unidentified DNA replication factor since domain search 
analysis identified a Topo type II family domain. However, a more detail analysis did not 
identify key residues that are present in topoisomerases and instead, lead to the 
identification of the FHA and CDK phosphorylation site motif (Fig 3.5). When we 
analyzed Tb5370 cellular localization, we noticed that this protein displayed a perinuclear 
localization and did not overlap with EdU distribution pattern (Fig 3.6A).  This distribution 
in the nuclear periphery is similar to what is observed in T. brucei nucleoporins [107,108]. 
Nucleoporins are part of nuclear pore complex (NPC) and embedded in the nuclear 
envelope. These proteins have multiple roles that not only include trafficking of 
macromolecules but also in transcription regulation, chromosome segregation [109] and 
DNA replication origin licensing by its association with MCM helicase [110]. 
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Nucleoporins are also of CDK substrates [111]. In T. brucei, characterization of 
nucleoporin NUP-1 showed that this proteins has roles in chromosome organization, gene 
expression regulation at telomere-proximal regions and VSG expression [107]. Based on 
this observation, probably Tb5370 interacts with components of NPC. Even though that 
there was no loss of fitness upon Tb5370 knockdown in PCF cells (Fig 3.6B), it would be 
interesting to evaluate if Tb5370 is essential in BSF parasites and determine if colocalizes 
and interacts with nucleoporins. It is worth to mention that our protein list includes the 
identification of several nucleoproteins, including NUP-65 (rank 31) and NUP-1 (rank 377) 
(Supplemental Table 1) 
Our data suggest that DNA replication, transcription, chromatin organization and 
pre-mRNA splicing events all occur on or near nascent DNA. These different cellular 
processes may be coordinated or just occur in the vicinity of each other. Based on our 
observations, we propose nucleosomes are assembled close to the replication fork followed 
by RNA pol II recruitment, transcription, and co-transcriptional RNA splicing. Also, 
regions with epigenetics marks such as H4K10ac and specific histone variant such as 
H2A.Z are preferred binding sites for proteins associated with these cellular processes 
suggesting an elegant choreography between these machineries (Fig 3.7). Further studies 
are needed to determine how these processes are linked and co-regulated, and how rapidly 
they are initiated during DNA replication. In addition, our data set has provided a list of 
hypothetical proteins that can be characterized to determine their function in DNA 
replication and could represent trypanosome specific factors that can potentially be used as 
drug targets to treat kinetoplastid diseases.  
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Diagram illustrates transcription start sites in a divergent (dTSS) or not divergent 
orientation (ndTSS) marked by nucleosomes containing histones variants H2A.Z and 
H2B.V, and modified histones H4K10ac (light green). Transcription termination sites 
are marked by nucleosomes containing histone variates H3.V and H4.V (dark green). 
Orange arrows indicate direction of transcription. Binding sites of RNA pol II (gold 
rectangle) and ORC1 (blue circle) are shown. Broken blue arrows indicate recruitment 
of spliceosome components upon RNA pol II enrichment and transcription pausing.  
 
Figure 3.8 – Model of T. brucei genome organization 
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CHAPTER 4 
  
FUTURE DIRECTIONS AND CONCLUSIONS 
 
 
We have optimized for the first time the iPOND technology in a parasitic organism. 
We have provided a starting list of proteins that are present in the vicinity of the replication 
fork. Future studies can focus on the characterization of these proteins, especially the 
hypothetical proteins or proteins of uncharacterized function (Table 4.1), to define their 
role in DNA replication in T. brucei. These studies can include the cellular localization of 
the proteins during the cell cycle by endogenous tagging, knocking down each gene to 
observe any loss of fitness, growth impairment and defects on DNA replication, co-
localization with newly synthesized DNA by EdU labeling, and biochemical 
characterization by performing enzymatic activity assays and protein-protein interaction 
experiments with known DNA replication proteins. One interesting protein to study is the 
hypothetical protein Tb427tmp.244.2780 (Tb2780) (Tb927.9.15070). By looking for 
conserved domain in this protein, it was predicted to be part of the DNA recombination-
mediator protein A or SMF family. DNA processing protein A (DprA) is a DNA binding 
protein that has an essential role in bacteria natural transformation favoring genetic 
diversity. DprA, together with RecA, play a key role in protecting incoming or exogenous 
ssDNA from nucleases, since their depletion completely impaired the internalization of 
DNA. DprA is able to bind linear and circular ssDNA and favors the loading of RecA on 
naked ssDNA. This data indicates that DprA is a recombinant-mediator protein [1]. In 
eukaryotes, Rad51, which is homolog of bacterial RecA, also relies on recombinant 
mediator factors such as Rad52, to assist its loading during DNA recombination and repair 
processes [2,3]. The hypothetical protein Tb2780 shows 28% of identity with members of 
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the DprA. It would be interesting to see the role that this protein has in T. brucei, especially 
in VSG switching that involves homologous recombination in the blood stream form (BSF) 
of the parasite. Also, would be interesting to do a phylogenetical analysis of this protein 
and how is related to the bacteria DprA since there are no homologous of this protein in 
other model eukaryotes.  
An additional candidate to study is the hypothetical protein Tb427tmp.160.4710 
(Tb4710). Domain search of this protein predicted to be a member of the SMC (structural 
maintenance of chromosomes) family. Members of this family have roles in chromatin and 
DNA dynamics by playing important roles in chromosome condensation, sister chromatid 
cohesion and DNA repair. Eukaryotes have six SMC paralogues. SMC1-SMC3 are 
involved in sister chromatid cohesion, SMC2-SMC4 are condensins that play roles in 
compacting and segregating chromosomes, and the SMC5-SMC6 complex tethers DNA 
ends during DNA repair and other DNA damage responses [4]. In Trypanosoma brucei, 
the SMC cohesin and condensin complex are conserved but the SMC5-SMC6 complex is 
absent [5]. To study the role of Tb4710, first would be interesting to see if this protein 
interacts either with T. brucei cohesins or condensins. To test this, Tb4710 can have an 
endogenous PTP tag and perform a co-immunoprecipitation assay and identify the 
interacting partners by MS analysis. RNAi depletion of Tb4710 could help determine if 
this protein is essential for karyokinesis and cell cycle progression. To define if Tb4710 
has a role in DNA repair, parasites could be exposed to DNA damaged agents and see by 
immunolocalization if this protein is localized at the sites of DNA repair together with 
other proteins such as Rad51.  
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In terms of the DNA replication proteins identified in this study, only the MCM 
complex and PCNA have been functional characterized in T. brucei. For example, would 
be interesting to characterize T. brucei DNA polymerase d (TbPOLd) and see how efficient 
is compared to the other POLd in other model organisms. Biochemical assays to test the 
catalytic activity of TbPOLd can be done in PTP purified protein or by generating a 
recombinant protein. In this way, polymerase and exonuclease assays can be tested in vitro 
to compare the activity of TbPOLd versus its homologous in other eukaryotes. DNA 
polymerase e was identified in our data set but was unable to pass the stringent enrichment 
criteria we used to define the proteins at the replication fork. The current model of DNA 
replication is that polymerase e replicates the leading strand and polymerase d is in charge 
of the lagging strand. This is based on the observation that mutation on DNA polymerase 
e lead to the accumulation of mutations in the leading strand, and the analogous observation 
occurs where mutation on polymerase d yield mismatches in the lagging strand [6]. 
However, there are studies that showed that DNA polymerase d is able to replicate both 
DNA strands as observed in SV40 replication [7]. Also, DNA polymerase activity of 
polymerase e was found to be not essential in yeast studies, whereas the activity of d is 
crucial for viability [8]. Two recent studies have shed light into the contribution that 
polymerase d can have in leading strand synthesis in yeast DNA replication. The first one 
suggests that polymerase d is the key replicase in both leading and lagging strand and 
polymerase e proofreads errors made by polymerase delta as it replicates the leading DNA 
strand [9]. The second study suggests that polymerase d contributes to the initiation of 
leading strand synthesis and that in the absence of polymerase e, polymerase d can 
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synthesize both strands but very poorly which leads to genetic instability [10].  It is 
unknown the distribution of DNA polymerases in T. brucei, therefore would be interesting 
to perform a strand specific analysis to determine the specific binding of DNA replication 
proteins. One of the techniques that can be used is eSPAN (enrichment and sequencing of 
protein-associated nascent DNA). This technique is based on chromatin 
immunoprecipitation of the protein of interest from synchronized early S phase cells. The 
ChIP DNA is then denatured into ssDNA. The protein-ssDNA complex is marked with 
BrdU, a thymidine analog, and enriched using anti-BrdU antibodies. The ssDNA is ligated 
at the 3´end with an adaptor so the strand information of each ssDNA is retained. Each tag 
is sequenced and mapped to the leading and lagging strand genome reference. If a protein 
prefers to bind to the leading or the lagging strand, the eSPAN peaks will display a leading 
or lagging strand pattern [11]. It would be interesting to apply this technique in T. brucei 
to define the distribution of the replisome in both strands and to propose a model of 
replication in this parasite. This technique could also verify the presence of transcription 
proteins on nascent DNA and support our iPOND results.  
One interesting finding in this project is that many cellular processes are present at 
the vicinity of the replication fork. By doing high resolution microscopy, such as 3D SIM, 
the nuclear distribution of these processes can be observed in the context of a cell 
population that is in S phase. For example, the distribution of a PTP-tagged-RNA 
polymerase II or PTP-tagged-cyclophilin during DNA replication can be observed using 
EdU labeling. With high resolution microscopy, the distance of these proteins to the 
replication foci can be determined, and this way know how close co-transcriptional splicing 
is occurring from the replication fork. These studies can be done in a synchronized 
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population using centrifugal counter-flow elutriation [12] and be able to distinguish 
patterns of these proteins and EdU labeling at early, mid, and late S phase.  
We consider that to define which proteins are at the nascent DNA more replicates 
of the pulse chase experiments are needed, and performed iPOND with chemical labeling 
MS, such as SILAC or iTRAQ can reduced the variability we have observed in the iPOND-
label free quantification and make a more accurate distinction between the proteins that are 
at nascent DNA and the bulk of chromatin. Another condition that would be interesting to 
apply is using iPOND to identify the machinery involved in DNA replication re-start and 
repair by treating the cells with hydroxyurea and by inducing DNA damage with UV 
exposure.  
We have done iPOND in the procyclic form of the parasite. However, it would be 
interesting to apply this technique in the BSF of the parasite to define how DNA replication 
is involved in antigenic variation via VSG switching in T. brucei, and the machinery 
involved in this mechanism. Also, would be interesting to see if the fork replisome varies 
between these two life forms. However, BSF parasite cannot pass a certain cell density (1 
x 106 cells/mL) and will make iPOND more laborious since larger cultures will be needed. 
In 2016, there was the development of a new technique called SIRF (in situ analysis of 
protein interactions at DNA replication forks), where few cells are needed. This technique 
is based on a proximity ligation assay (PLA) that allows the analysis at nascent replication 
forks on a single-cell level. SIRF also uses EdU labeling and the cycloaddition of a biotin 
azide via a click chemistry reaction but includes the incubation with a primary antibody 
against a protein of interest and against biotin, followed by incubation with secondary PLA 
antibodies containing a DNA-oligomers. If PLA antibodies are in a distance of less of 40 
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nm, the DNA oligomers are able to anneal forming a nicked circular DNA. Ligation of the 
nick enables rolling circle amplification. DNA sequence-specific fluorescence DNA 
probes anneal to the amplified DNA, providing a strong fluorescence signal that allows the 
detection of protein-nascent DNA interactions [13]. In this way, we could test if the 
proteins identified in T. brucei iPOND using procyclic cells are also interacting with 
nascent DNA in BSF parasites. Good candidates could be the hypothetical proteins 
identified in our data set, and DNA recombination proteins such as the Holliday-junction 
resolvase-like of SPT6/SH2 that could play a role in VSG switching.  
 Surprisingly, DNA replication in T. brucei has not been studied in detail. Therefore, 
we consider that iPOND opens the door to future investigations on DNA replication in this 
parasite and other kinetoplastids, with the purpose to find suitable drug targets to treat the 
diseases associated with kinetoplastid parasites such as Chagas diseases, Leishmaniasis 
and Human African trypanosomiasis.  
 
 
 
 
 
 
 
 
 
 
131 
 
4.1 Bibliography 
1.  Mortier-barrie I, Velten M, Dupaigne P, Mirouze N, Pie O, Mcgovern S, et al. A 
Key Presynaptic Role in Transformation for a Widespread Bacterial Protein : 
DprA Conveys Incoming ssDNA to RecA. Cell. 2007; 824–836. 
doi:10.1016/j.cell.2007.07.038 
2.  Claverys JP, Martin B, Polard P. The genetic transformation machinery: 
Composition, localization, and mechanism. FEMS Microbiol Rev. 2009;33: 643–
656. doi:10.1111/j.1574-6976.2009.00164.x 
3.  Yadav T, Carrasco B, Myers AR, George NP, Keck JL, Alonso JC. Genetic 
recombination in Bacillus subtilis: A division of labor between two single-strand 
DNA-binding proteins. Nucleic Acids Res. 2012;40: 5546–5559. 
doi:10.1093/nar/gks173 
4.  Kim H, Loparo JJ. Multistep assembly of DNA condensation clusters by SMC. 
Nat Commun. 2016;7: 1–12. doi:10.1038/ncomms10200 
5.  Gluenz E, Sharma R, Carrington M, Gull K. Functional characterization of cohesin 
subunit SCC1 in Trypanosoma brucei and dissection of mutant phenotypes in two 
life cycle stages. Mol Microbiol. 2008;69: 666–680. doi:10.1111/j.1365-
2958.2008.06320.x 
6.  Daigaku Y, Keszthelyi A, Müller CA, Miyabe I, Brooks T, Retkute R, et al. A 
global profile of replicative polymerase usage. 2015;22. doi:10.1038/nsmb.2962 
7.  Waga S, Stillman B. Anatomy of a DNA replication fork revealed by 
reconstitution of SV40 DNA replication in vitro. Nature. 1994;369.  
8.  Simon M, Giot L, Faye G. The 3 ’ to 5 ’ exonuclease activity located in the DNA 
polymerase 6 subunit of Saccharomyces cerevisiae is required for accurate 
replication. EMBO J. 1991;10: 2165–2170. doi:10.1002/j.1460-
2075.1991.tb07751.x 
9.  Johnson RE, Klassen R, Prakash L, Prakash S. A Major Role of DNA Polymerase 
delta in Replication of Both the Leading and Lagging DNA Strands. Mol Cell. 
2015;59: 163–175. doi:10.1016/j.molcel.2015.05.038 
10.  Garbacz MA, Lujan SA, Burkholder AB, Cox PB, Wu Q, Zhou Z, et al. Evidence 
that DNA polymerase δ contributes to initiating leading strand DNA replication in 
Saccharomyces cerevisiae. Nat Commun. S: 1–11. doi:10.1038/s41467-018-
03270-4 
11.  Yu C, Gan H, Han J, Zhou ZX, Jia S, Chabes A, et al. Strand-Specific Analysis 
Shows Protein Binding at Replication Forks and PCNA Unloading from Lagging 
Strands when Forks Stall. Mol Cell. 2014;56: 551–563. 
doi:10.1016/j.molcel.2014.09.017 
12.  Benz C, Dondelinger F, McKean PG, Urbaniak MD. Cell cycle synchronisation of 
Trypanosoma brucei by centrifugal counter-flow elutriation reveals the timing of 
nuclear and kinetoplast DNA replication. Sci Rep. 2017;7: 1–10. 
doi:10.1038/s41598-017-17779-z 
13.  Roy S, Luzwick JW, Schlacher K. SIRF : Quantitative in situ analysis of protein 
interactions at DNA replication forks. J Cell Biol. 2018;JCB: 1–16. 
doi:10.1083/jcb.201709121 
 
132 
 
APPENDIX 
 
DYNAMIC LOCALIZATION AND ACETYLATION OF T. BRUCEI 
MITOCHONDRIAL PIF1 HELICASE 
 
I. Introduction 
One distinctive feature of kinetoplastids is their mitochondrial DNA known as 
kinetoplast DNA (kDNA) [1]. In the single mitochondrion of Trypanosoma brucei, the 
kDNA forms a condensed disk-like structure. The kDNA is a network of interlocked DNA 
rings of two types, minicircles and maxicircles. In T. brucei, minicircles are ∼1 kb and 
maxicircles are ∼23 kb in size [2]. Maxicircles encode subunits of the respiratory 
complexes and mitochondrial ribosomal RNA. Maxicircles transcripts undergo the process 
of RNA editing, where there is the insertion and/or deletion of uridine residues to yield 
functional open reading frames. These editing events are coordinated by guide RNAs 
(gRNAs), which are encoded by the minicircles [3]. Within the minicircles, there is a 
conserved region known as the Universal Minicircle Sequence (UMS), which serves as the 
initiation site for DNA replication for the leading strand [4].  The replication of the kDNA 
network is essential for parasite survival in any stage of its life cycle. Due to the complex 
structure of kDNA, its replication is highly coordinated and involves the participation of 
multiple proteins with similar activities but different functions. The kDNA replication 
proteins can be localized in different regions. They can be found within the kDNA disk, at 
the region between the kDNA disk and the mitochondrial membrane near the flagella basal 
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body known as the kinetoflagellar zone (KFZ), or at the antipodal site, which are two 
proteins assemblies located at opposite sites at the periphery of the kinetoplast [5].   
Minicircles and maxicircles replicate unidirectionally via theta intermediates. 
Maxicircles remain catenated and attached to the network while minicircles are released 
vectorially from the network into the KFZ to be replicated. Minicircle are covalently closed 
prior replication [6,7]. They are released from the network via the action of a type II 
topoisomerase[8]. At the KFZ replication is initiated. Proteins involved in replication 
includes the universal minicircle sequence-binding protein (UMSBP)[9], p38 that binds to 
the replication origin [10], primase [11], DNA polymerases [12], helicases [13] and a topo 
IA isomerase [6]. During later stages of kDNA replication, the minicircles that contain 
gaps and RNA primers migrate to the antipodal sites. These nicked/gaped minicircles 
undergo Okazaki fragment processing at the antipodal sites by enzymes in charge of primer 
removal and repair such as the structure-specific endonuclease 1 (SSE1) [14], DNA 
polymerase b and ligase kb. These enzymes repair most but not all the gaps [15]. As 
replication proceeds, the network elongates as a result of the increment of minicircle copy 
number. The double-sized network splits in two and all the minicircles gaps are repaired 
by DNA polymerase bPAK and ligase ka [16]. After the kDNA is duplicated, the progeny 
networks have to segregate into the daughter cells, a process that is mediated by a 
cytoskeletal structure named the tripartite attachment complex (TAC) [17,18]. 
Additional features of kDNA replication include replication once per cell cycle in 
near synchrony with nuclear S phase and multiplicity of DNA polymerases (6), helicases 
(6) and primases (2) [1]. Structural changes that occurs inside the cell such as basal body 
duplication and maturation are used as markers to track cell cycle stages and kDNA 
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replication. Basal body duplication is one of the first cytological events during 
trypanosome cell cycle and kDNA duplication is linked with basal body dynamics [19]. 
The proximal end of the basal body is connected to the kinetoplast via the filaments of the 
TAC. Therefore, basal body movement directs the proper segregation and positioning of 
the replicated kinetoplast in preparation for cytokinesis [20]. Cells at G1 phase possess a 
single kinetoplast, a single nucleus (1N1K) and a mature basal body (mBB), which 
nucleates the flagellar axoneme and an adjacent pro-basal body (pBB). Upon entry into the 
S phase, the pBB nucleates the assembly of a new flagellum resulting in a new mBB, 
followed by the assembly of new pBBs next to the two mBBS. One mBB/pBB pair moves 
to the posterior end of the cells [21]. The kinetoplast shows an elongated shape and the 
nucleus is still in S phase (1N1Kdiv). As cell cycle progresses, segregation of basal bodies 
separates the two daughter kDNA networks (1N2K). Then, cells enter nuclear M phase and 
chromosome segregation occurs and finally nuclear division is complete (2K2N) [22].  
The replication of kDNA is very dynamic and demands coordination of the factors 
involved. Using basal body dynamic and observation of kDNA morphology with DAPI 
staining, the localization and dynamics of the proteins that participate in kDNA can be 
studied in their cell cycle context. These proteins seem to be localized at the kDNA disk, 
antipodal sites and KFZ. It has been shown that there is dynamic localization of kDNA 
proteins as a mode to regulate the replication process. In T. brucei it has been shown that 
DNA polymerase ID (POLID) displays dynamic localization. This polymerase localizes at 
the antipodal sites during S phase and then switches to a mitochondrial distribution at all 
the other cell cycle stages [23]. Another reported example is with SSE1 endonuclease, 
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which has an antipodal site distribution at S phase and is not detectable by 
immunofluorescence in the other cell cycle stages [24].  
A study has identified that T. brucei six mitochondrial PIF1-like helicases. The 
localization of each helicase was determined by overexpression each PIF1-like helicase 
gene. T. brucei PIF1 (TbPIF1) and Pif2 (TbPif2) localized at the mitochondrial matrix; 
TbPif4, 7 and 8 localize mainly in the kDNA disk; and TbPif5 is at the antipodal sites [13]. 
However, another study clarified the localization of TbPIF1 stating that this protein 
localizes at the antipodal sites in 80% of the cells in an asynchronous population, 
suggesting that this protein probably does not display dynamic localization. They attributed 
the difference on the localization pattern from the previous study because of the use of an 
overexpression system that could saturate the normal localization of TbPIF1 provoking its 
mitochondrial matrix distribution. TbPIF1 was shown to be an ATP-dependent helicase, 
having a specific activity of 122 mol of hydrolyzed ATP/mol enzyme/min. TbPIF1 could 
unwind a 36mer oligonucleotide and its unwinding activity was dependent on ATP and 
Mg2+. When cells were depleted of TbPIF1 via RNAi they stop growing at day 4 after 
induction. RNAi of TbPIF1 lead to shrinkage and disappearance of kDNA. Southern blot 
was shown that TbPIF1 depletion cause minicircle loss since day 1 of induction and at day 
5 there is no detection of any minicircle. This suggested that TbPIF1 mainly participates in 
minicircle replication [25].  
We embarked on studying in more detail TbPIF1 localization using cell cycle 
markers such as basal body to confirm whether this protein has dynamic localization. We 
also questioned if this protein could suffer any post-translation modifications (PTMs) such 
as acetylation. A study has shown that proteins involved in Okazaki fragment processing 
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such as human Flap endonuclease 1 (FEN1) and Dna2 endonuclease/helicase (Dna2) are 
acetylated. Acetylation of FEN1 impacted negatively its endonuclease activity by 
impairing flap cleavage. However, acetylation of Dna2 stimulated its 5´-3´endonuclease 
and helicase activity as well as its DNA-dependent ATPase activities. Additionally, 
acetylated Dna2 displayed a higher affinity for DNA substrates in comparison to the non-
acetylated form [26]. Therefore, we hypothesized that in addition to dynamic localization 
of kDNA replication proteins, PTMs such acetylation can also play a role in regulation and 
coordination of kDNA replication.  
 
II. Materials and Methods 
pPIF1PTP-Neo (Done by Dr. Amy Springer) 
 TbPIF1 C terminal coding sequence (1492 bp) was PCR amplified from 
Trypanosoma brucei 427 genomic DNA using forward (5´-TAA GAT GGG CCC TTC 
GTG AAG ATC CGC CTG G-3´) and reverse (5´-TAT CTT CGG CCG TTC CAA CGA 
CTC ACC AGA GG-3´) primers containing ApaI and EagI restriction sites, respectively. 
The PCR amplified product was ligated into ApaI and Not1 restriction sites of pC-PTP-
Neo [27] to create pPIF1PTP-Neo vector.  
 
PIF1 knockout construct pKOPIF1Hyg (Done by Dr. Amy Springer) 
A PIF1 5´UTR fragment was amplified using the forward (5´-CTC GAG CGT ATG 
CAC GAG TAA AAG GCT-3´) and reverse (5´-AAG CTT CTT AGA CGC ACA AAC 
AGT AGA TTA ACC-3´) primers containing XhoI and HindIII sites respectively and 
ligated into pKOHyg [28]. Subsequently, a PIF1 3´UTR primer was amplified using the 
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forward (5´-ACT AGT GTT TGT TAC AGT TCT TCC TTA CCC-3´) and reverse (5´-
TCT AGA CTA TAT TTC GGA TCC CTG AGG C-3´) primers containing SpeI and XbaI 
sites respectively and ligated into the vector to obtain the final pKOPIF1Hyg construct.  
 
Trypanosome growth and transfection (Done by Dr. Amy Springer) 
Procyclic T. brucei Lister 427 WT strain was cultured in SDM-79 media 
supplemented with 15% heat inactivated serum at 27°C and were co-transfected by 
nucleofection with linearized AvrII pPIF1PTP-Neo plasmid and XhoI/NotI digested 
pKOPIF1Hyg plasmid. A stable population was selected with 50 µg/mL G418 and 50 µg/mL 
hygromycin followed by limiting dilution for selection of a clonal TbPIF1PTP/KO  (TbPIF1PTP) 
cell line.  
 
PIF1PTP immunofluorescence and Basal Body labeling 
The TbPIF1PTP cells were harvested for 5 min at 1000 x g, washed and 
resuspended in 1X phosphate buffered saline (PBS). Cells were adhered to poly-L-lysine 
(1:10) coated slides for 5 min. Cells were fixed with 1.5% paraformaldehyde and washed 
three times with 1X PBS containing 0.1M glycine and permeabilized with 0.1% Triton X-
100 for 5 min. Then, cells were washed with 1X PBS three times for 5 min, followed by 
incubation with anti-protein A (1:1000) and YL1/2 (1:3000) antibodies for 60 min using 
1% BSA in 1X PBS. Cells were washed with 1X PBS containing 0.1% Tween-20 three 
times for 5 min and incubated with secondary antibody mix containing Alexa Fluor 488 
goat-anti rabbit (1:250) and goat-anti rat (1:250) antibodies in 1% BSA in 1X PBS for 60 
min. After three washes with 1X PBS containing 0.1% Tween-20, DNA was stained with 
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3 µg/ml 4´-6´-diamidino-2-phenylindole (DAPI) for 5 min. Slides were washed three times 
with 1X PBS and mounted in Vectashield.  
 
In Situ TdT labeling  
The TbPIF1PTP cells were fixed and permeabilized as described above. Cells were 
rehydrated in 1X PBS and incubated for 20 min at RT in 25 µl of 1X TdT reaction buffer 
containing 2mM CoCl2. Cell were then labeled for 60 min at room temperature in 25 μl 
reaction solution containing (1X TdT reaction buffer; 2.0 mM CoCl2, 10 μM dATP, 5 μM 
Alexa Fluor 594-dUTP and 40 Units of TdT). The reaction was stopped with three 5-min 
washes in 2× SSC followed by immunolabeling of PifPTP tagged protein and DAPI 
staining as described above. 
 
EdU labeling 
TbPIF1PTP cells were incubated for 90 min with 350 μM 5-ethynyl-2’-
deoxyuridine (EdU) at 27°C. Cells were harvest, fixed and permeabilized as describe 
above.  Cells were incubated in Click-iT reaction cocktail following manufacture´s 
recommendation (Picolyl Azide Toolkit C10641 LifeTech). Immunolabeling of PIF1PTP 
tagged protein and DAPI staining was performed as described above.  
 
Cyclohexamide treatment 
Transgenic cells expressing PIF1-PTP and Cyc6-HA tagged proteins were 
incubated with 100 ug/ml of cyclohexamide for 8 hours. Samples were collected every two 
hours and cell lysates were separated by SDS-PAGE. Tagged proteins were detected by 
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western blot using Peroxidase-Anti-Peroxidase (PAP) (1:2000) for PTP detection, and for 
HA detection anti-HA (1:1000) and goat anti-rat (1:2000) antibodies were used. For 
loading control, the blot was probed against Crithidia fasciculata specific Hsp70 antibody 
(1:10000) followed by secondary chicken anti-rabbit antibody (1:2000).  
 
TSA treatment and immunoprecipitation  
Cells expressing PIF1-PTP tagged proteins were incubated with 2μM of 
Trichostatin A (TSA) for 0, 6, and 24 hours. A total of 5 x 108 cells from each time point 
were collected and lysed using the cold extraction buffer (150 mM KCl, 20 mM Tris-HCl 
pH 7.5, 3 mM MgCl2, 0.5% NP-40). The suspension was incubated on ice for 30 min with 
gently shaking. The lysate was pass through a 22 ½ gauge needle 10 times to remove any 
remaining clumps followed by a centrifugation at high speed for 20 min at 4°C. The soluble 
fraction was added to a pre-equilibrated IgG beads suspension and incubated at 4°C in a 
rotating carousel for 2 hours. After separating the unbound fraction, the beads were washed 
with chilled Wash buffer (150 mM KCl, 20 mM Tris-HCl pH 7.5, 3 mM MgCl2, 0.1% NP-
40 and 1mM DTT) five times. For the elution step, Laemmli buffer supplemented with 5% 
BME was added to the beads and heated for 10 min at 95°C.  Each elution was separated 
by SDS-PAGE. Tagged proteins were detected by western blot using with PAP (1:2000), 
and acetylation was detected using anti-acetylated lysine (1:2000) and secondary anti-
rabbit antibody (1:2000). 
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III. Results 
1. PIF1PTP is not detected in all cell cycles stages 
Previously was suggested that TbPIF1 localization is at the antipodal sites in all the 
cell cycles of T. brucei procyclic cells. However, this study did not include a cell cycle 
marker such as the dynamic of basal body to confirm their observation [25]. Therefore, to 
investigate in more detail TbPIF1 distribution at the different cell cycle stage, we generated 
a single expresser cell line by co-transfecting 427 WT procyclic cells with linearized pC-
PIF1PTP-Neo and digested pKOPIF1-Hyg vectors. In this cell line, TbPIF1PTP/KO, one allele 
is deleted and the other one is fused to a PTP tag at the 3´end of TbPIF1 (Fig. 1A). As an 
important note, the confirmation of PTP integration and the successful knockout has not 
been confirmed by southern blot analysis. There was no growth defect in the clonal cell 
lines and the clone selected for further study was TbPIF1PTP/KO P1H2 (TbPIF1PTP cell line) 
with a doubling time of 12 hours (data not shown). The expected product of PIF1PTP (132 
kDa) was detected by western blot using peroxidase-Anti peroxidase (PAP) antibody. The 
PTP tag was only detected in the whole cell extract of the TbPIF1PTP clonal cell line with 
no cross reactivity with the whole cell extract from 427 WT cells (Fig. 1B). Fluorescence 
microscopy of TbPIF1PTP cell line showed that only a subset of cells has PTP signal and 
an initial observation indicated that cells where the kDNA is not elongated did not have a 
PTP signal (Fig. 1C, white arrows). Additionally, two different patterns of PIF1-PTP signal 
were observed. In the first pattern, PIF1PTP has a kDNA disk distribution while the second 
pattern PIF1PTP localizes at the antipodal sites (Fig. 1C).  
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Figure 1 - TbPIF1PTP single expresser cell line and PIF1PTP localization  
(A) Diagram depicting PIF1PTP   (not to scale) gene locus in the TbPIF1PTP 
cell line. TbPIF1 gene (blue) was replaced in one allele by a hygromycin 
resistance gene (Hyg). The second allele was fused to a PTP sequence at the 
3´end. Selective marker for PTP integration is neomycin (Neo). (B) Western 
blot analysis of whole cell extracts of WT and TbPIF1PTP cells. PTP tagged 
protein is only detected in TbPIF1PTP cells using PAP reagent. Tubulin was 
used a loading control. (C) Localization of PIF1PTP in an unsynchronized 
population using anti-protein A. White arrows indicate cells with no PIF1PTP 
signal. Scale bar 6 µm.  
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2. PIF1PTP is only detected during kDNA replication and is not regulated by 
proteolysis 
We further investigate the localization pattern of PIF1PTP during T. brucei cell 
cycle using basal body staining and dynamics. A total of 317 cells (n =1) were quantified 
for detection of PIF1PTP at different cell cycle stages. Detection of PIF1PTP signal is only 
found after basal body duplication and the signal is no longer detected after kDNA 
duplication (Fig. 2A and 2B). Approximately 30% of the cells at the 1N1Kdiv stage have  
PIF1PTP positive signal (Fig. 2B) and they displayed two different patterns: kDNA disk 
and antipodal sites seen as 2 foci. From this subset of cells, we quantified the number of 
cells with a PIF1PTP signal at the antipodal site (2 foci) and how many have a signal at the 
kDNA disk.  Based on our quantification analysis, almost 80% of the 1N1Kdiv cells have a 
PIF1PTP signal at the antipodal sites by displaying the 2 foci pattern (Fig. 2C), and at later 
stages of 1N1Kdiv (Fig. 2A, 1N1Kdiv panel) ∼20% of the PIF1PTP signal is detected at the 
kDNA disk (Fig. 2C). Since PIF1PTP signal is not detected after kDNA synthesis, we 
tested if this protein is regulated by proteolysis by the mitochondrial protease HslVU. This 
protease is involved in regulating protein levels of another mitochondrial helicase in T. 
brucei, TbPif2. The protein levels of PIF1PTP were measured every 2 hours during an 8-
hour treatment with the protein synthesis inhibitor cycloheximide (CHX). During the CHX 
treatment, PIF1PTP levels remained unchanged in comparison to our positive control 
Cyclin 6 (Cyc6) which protein levels were reduced in the course of the treatment. 
Mitochondrial Hsp70 was used as a loading and negative control. These data demonstrate 
that PIF1PTP is a stable protein that is not regulated by proteolysis (Fig. 3) 
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Figure 2 - Localization of PIF1PTP during the cell 
cycle  
(A) Representative cells from unsynchronized population. Double labeling of 
PIF1PTP (green) and basal body (red) indicated that changes in PIF1-PTP 
localization are coordinated with the cell cycle. Scale bar 6 μm. (B) A total of 
317 cells were quantified for detection of PIF1PTP at different cell cycle 
stages. Only cells at 1N1K
div
 presented signal of PIF1PTP (27% of cell 
population). (C) The PIF1PTP signal in 1N1K
div
 subpopulation (86 cells) could 
be observed as two foci at early basal body duplication (76.7 %) or as disperse 
signal in the kDNA disk (23.3%) as the two basal bodies separated from each 
other.  
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Fig 3 - PIF1PTP protein levels after CHX treatment 
Western blot detection of PIF1PTP, Cyc6HA and Hsp70 protein levels 
after CHX treatment. Cyc6HA was used as a positive control and 
Hsp70 as a loading control.  PIF1PTP protein stability was not affected 
upon CHX treatment. PIF1PTP is not regulated by proteolysis.  
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3. TbPIF1-PTP colocalizes with gapped minicircles at the antipodal sites 
To confirm that the two foci distribution of PifPTP correspond to an antipodal site 
localization, we fluorescently labeled replication minicircles with terminal 
deoxynucleotidyl transferase (TdT) and fluorescein conjugated dUTP. Replicating 
minicircles containing gaps accumulate at the antipodal sites prior reattachment to the disk 
during kDNA S phase. TdT labeling has different patterns during T. brucei cell cycle. At 
1N1K stage, there is no replication of minicircles and maxicircles and they remain 
covalently close with no gapped or nicked regions. Therefore, these cells are TdT negative 
(TdT -). There is no PIF1PTP signal in this subset of cells (Fig. 4A). When cells enter to 
early stages of kDNA S phase (1N1Kdiv), multiple gapped minicircles are enriched at the 
antipodal sites. TdT has a strong positive signal (TdT +; early) in this subset of cells. 
PIF1PTP signal is similar with TdT showing localization at the antipodal sites (Fig. 4A and 
4B). At later stages of kDNA S phase (1N1Kdiv), gapped minicircles progeny is attached to 
the kDNA network and TdT signal is at the kDNA disk (TdT +; late). PIF1PTP signal 
displayed the same pattern as TdT showing a kDNA network localization (Fig. 4A and 
4C). Cells at the 1N2K stage, all the minicircles are repaired and therefore they can no 
longer be labeled. These cells are TdT negative and PIF1PTP is no longer detected in post 
replicating networks that were TdT negative (Fig. 4A) 
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Figure 4 - Localization of PIF1PTP with TdT labeled gapped minicircles 
(A) Relative localization of PIF1PTP (green) with TdT labeled replicating 
minicircles (red) at the antipodal sites at different cell cycle stages in an 
unsynchronized population. Scale bar 6 μm. (B) PIF1PTP is detected as two foci 
at the antipodal sites at early stages of TdT labeling. (C) PIF1PTP signal intensity 
decreases at late stages of TdT labeling presenting a localization near the kDNA 
disk.  
A 
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4. TbPIF1-PTP colocalizes with replicating minicircles 
Newly replicated DNA can be visualized by labeling the cells with 5-ethynyl-2´-
deoxyuridine (EdU), a thymidine analog that allows a click chemistry reaction by having 
an alkyne group that interacts with a fluorophore azide [29]. When labeling with EdU an 
unsynchronized population of T. brucei procyclic cells, the 1N1K cells does not show any 
signal of EdU. In 1N1Kdiv EdU signal is at the antipodal sites and in the nucleus. The 1N2K 
cells showed EdU signal at the nucleus only, and 2N2K cells do not have EdU signal. We 
investigated if PIF1PTP colocalizes with replicating minicircles by microscopy and did 
quantification of the signal by analyzing 197 cells (n =1). By fluorescence microscopy, 
EdU signal at the antipodal sites colocalized with PIF1PTP signal (Fig. 5A). In an 
unsynchronized population, 34% of the cells showed PIF1PTP signal and were EdU 
positive (Fig. 5B) corresponding to cells at the 1N1Kdiv stage. At this subset of cells, 
PIF1PTP signal is mostly found in cells that are EdU positive for kDNA and nuclear 
incorporation (60.6%) (Fig. 5C). This data suggests that PIF1PTP signal is detected a 
kDNA and nuclear DNA S phase.  
 
5. PIF1PTP is acetylated  
Acetylation is a post-translational modification (PTM) that causes diverse effects 
on protein levels and metabolism in the cells. Even though that acetylated residues were 
first identified in histones, many proteins in the cells can be acetylated. One effect of this 
PTMS is that it can determine the subcellular localization of the proteins. A second effect 
is modulation of protein-protein interactions and therefore it can increase the affinity 
between protein partners. A third effect is that acetylation can regulate protein function by 
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affecting enzymatic activity [30]. Helicases can be modulated by PTMs such as acetylation 
[31]. An example is the WRN (Werner syndrome gene) helicase, a member of the RecQ 
family of DNA helicases, that plays a role in recombination, replication, telomere 
maintenance and base excision repair. WRN helicase is acetylated by the acetyltransferase 
p300 and this event increments the translocation of WRN from the nucleolus to 
nucleoplasmic foci after DNA damage [32]. We hypothesized that T. brucei PIF1 could be 
acetylated and that PTM could affect its cellular localization. To test this hypothesis, we 
probed a WCE fraction from our TbPIF1PTP cell line against acetylated lysine and we also 
performed immnunoprecipitation (IP) of PIF1PTP and determine detection of acetylation 
in the purified product. We are able to observe detection of acetylation in the WCE and 
also after performing the IP (Fig. 6A). To confirm this observation, we treat the TbPIF1PTP 
cells with a Trichostatin A (TSA), which inhibits deacetylases and therefore protein 
acetylation should increase over time. We exposed the cells to TSA for 24 hours and 
recollect samples at the 0, 6 and 24-hour period. Then we performed an IP from these 
conditions and probe against PIF1PTP acetylation. Acetylation of PifPTP seems to increase 
over time after exposing the cells with TSA (Fig. 6B). These initial observations indicate 
the possibility that PIF1PTP is acetylated and this PTM can potentially regulate kDNA 
replication.  
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Figure 5 - PIF1PTP localization with EdU labeled DNA. 
(A) Localization of PIF1PTP (red) relative to the localization of active DNA 
synthesis sites using EdU labeling (green) in an unsynchronized population. 
PIF1PTP colocalizes with active kDNA replication forks. Scale bar 6 μm. (B) 
A total 197 cells were quantified for PIF1PTP detection relative to DNA 
synthesis. PIF1 is detected mainly in the EdU positive 1N1K
div
 cell 
subpopulation (34%). (C) PIF1PTP signal is mostly found at kDNA and 
nuDNA S-phase (60.6%) in the 1N1K
div
 subpopulation (99 cells).  
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(A) Upper panel. Western blot analysis probing against acetylated 
lysine of whole cell extracts from PIF1PTP cell line showed detection 
around the PIF1PTP molecular weight (132 kDa). Lower Panel.  
Acetylation of PIF1PTP was also observed after performing an IP 
using IgG beads. (B) Treatment with TSA increased the PIF1 
acetylation. Cell cultures of TbPIF1PTP cell line were treated with 
TSA for 0, 6 and 24 hours. An IP was performed for each sample 
followed by probing the membrane against acetylated lysines and 
PAP.  
Figure 6 - PIF1PTP acetylation upon TSA treatment   
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IV. Discussion 
Due the complexity of the kDNA structure, its replication has to be coordinated and 
monitored by several proteins. This suggests that the factors involved in this process have 
to communicate and be at the correct location in the precise moment that their function is 
needed for kDNA replication. Two main locations are assigned for kDNA replication 
which are the KFZ, where the replication initiates; and the antipodal sites where Okazaki 
fragment processing occurs. This spatial and temporal separation of events demands an 
elegant choreography of kDNA replication proteins to ensure proper replication of the 
kDNA and its segregation. As observed in the mitochondrial DNA polymerase ID 
(POLID), which its localization is dynamic through the cell cycle by presenting a 
mitochondrial matrix distribution at all the cell cycles except at kDNA S phase where it 
displays antipodal site localization [23]; we conducted initial experiments to elucidate the 
distribution of PIF1PTP throughout the cell cycle of T. brucei and the cellular events that 
can regulate its localization. In comparison to POLID, the changes on localization patterns 
in PIF1PTP are subtler, by moving from the antipodal sites to the kDNA disk at early and 
late stages of kDNA S phase, respectively (Fig. 2A). Although is worth to mention that 
PIF1PTP signal is only detected at the 1N1Kdiv cell stage. This phenomenon is also observed 
in Crithidia fasciculata kDNA proteins such as Pol b, where its detection at the antipodal 
sites is cycle dependent. Pol b is at the antipodal sites during S phase but is no longer 
detected after network replication. Based on these observations, we conclude that PIF1PTP 
has also a cell cycle dependent localization that can contribute to the regulation of kDNA 
replication [33]. As observed in pol b, PIF1PTP is also a stable protein since its levels were 
not reduced upon CHX treatment (Fig. 3A). Another mode to regulate protein localization 
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is by PTMs. Our initial experiments suggest that PIF1 can be acetylated (Fig. 6) and this 
can interfere with its cellular localization. Acetylation might interfere with the microscopy 
detection of the protein at other cell cycle stages. Acetylation of PIF1 might have also an 
effect on its interaction with other kDNA proteins as well as with its ATPase and helicase 
activity. The effects of acetylation in PIF1 enzymatic activity can be tested by performing 
in vitro assays using recombinant PIF1 that is acetylated versus the deacetylated PIF1. In 
addition, the identification of the lysines that are being acetylated can be done by mass 
spectrometry analysis. In this way, parasites that are expressing mutated PIF1 lacking the 
residues for acetylation will allow us to determine the effect that acetylation has on PIF1 
localization and its overall impact on kDNA replication role.  
A general consensus of the specific role of PIF1 in kDNA replication has not been 
defined yet. Based on the RNAi data it is clear that PIF1 is involved in minicircle 
replication since its depletion reduces the amount of minicircles sooner than the amount of 
maxicircles. It is suggested that this protein has a role in segregation of minicircle progeny 
together with topoisomerase 2 (Topo2). RNAi of both of these enzymes independently lead 
to the enrichment of a replication intermediate known as fraction U. Fraction U is a 
heterogeneous family of multiply interlocked dimeric minicircles and is believed to derive 
from an intermediate that is upstream of nicked/gapped circles [25]. Our microscopy 
analysis using TdT (Fig. 4) and EdU (Fig. 5) labeling confirmed the role of PIF1 in 
minicircle replication. However, it is important to highlight that EdU signal and 
incorporation in the kDNA is only observed at the antipodal sites and no signal was 
observed at KFZ where replication starts. This observation indicates that probably the 
minicircles moves faster to the antipodal sites where active replication forks can still be in 
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function. It is possible that PIF1 could play a role on both segregation and at the replication 
fork. Future experiments are needed to define the precise roles of PIF1.   
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